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As  pilot  welt  eipert  ia  periloiu  wave 
That  to  a  steadfast  star  his  conrae  hath  bent. 

When  foggy  mists  or  clondy  tempests  have 
The  foithful  light  of  that  fur  lamp  ybleat. 
And  ooreied  heaTen  with  hideous  dnrimeot; 

Upon  his  card  and  conipas  firms  his  eye. 
The  maysters  of  his  long  experiment, 

And  to  them  does  the  steddy  helm  apply. 

Bidding  his  winged  vessel  feirly  forward  fly. 

Spenser,  Faerie  Queen,  B.  ii.  c  7- 
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Yon,  FomcB  and  Povkr,  hare  done  your  destined  task  ; 
And  ixHifi^t  impedM  the  work  of  other  hands. 


INTRODUCTION. 


WE  enter  now  upon  a  new  region  of  the  human 
mind.  In  passing  from  Astronomy  to  Me- 
chanics we  make  a  transition  from  the  /orriial  to 
the  physical  sciences ; — from  time  and  space  to 
force  and  matter; — from  phenomena  to  cames. 
Hitherto  we  have  been  concerned  only  with  the 
paths  and  orbits,  the  periods  and  cycles,  the  angles 
and  distances,  of  the  objects  to  which  our  sciences 
applied,  namely,  the  heavenly  bodies.  How  these 
TDOtious  are  produced; — by  what  agencies,  impulses, 
powers,  they  are  determined  to  be  what  they  are ; 
—of  what  nature  are  the  objects  themselves; — 
are  speculations  which  we  have  hitherto  not  dwelt 
upon.  The  history  of  such  speculations  now  comes 
before  us;  but,  in  the  first  place,  we  must  consider 
the  history  of  speculations  concerning  motion  in 
general,  terrestrial  as  well  as  celestial.  We  must 
6rst  attend  to  Mechanics,  and  afterwards  return  to 
Physical  Astronomy. 

In  the  same  way  in  which  the  developement  of 
Pure  Mathematics,  which  began  with  the  Greeks, 
wa.s  a  necessary  condition  of  the  progress  of  Formal 
Astronomy,  the  creation  of  the  science  of  Mechanics 
now  became  necessary  to  the  formation  and  pro- 
gress oi"  Physical   Astronomy.     Geometry  and  Me- 
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cfaanics  were  studied  for  their  own  sakes ;  but  they 
also  supplied  ideas,  language,  and  reasoning  to 
other  science.  If  the  Greeks  had  not  cultivated 
Conic  Sections,  Kepler  could  not  have  superseded 
Ptolemy;  if  the  Greeks  had  cultivated  Dynamics', 
Kepler  might  have  anticipated  Newton. 

'  I^amica  w  the  science  which  tieate  of  the  Motions  uf 
Bodies,  Statict  is  th«  a<aence  which  tieats  of  the  Preaeuie  of  Bodies 
which  ate  in  equilibrium  and  theiefora  at  rest. 


CHAPTER    I. 
PREi.trnE  TO  TiiF  Epoch  of  Galileo. 


Sert.  1 . — Preladi'  to  the  Science  of  Statiat. 

SOME  steps  in  the  science  of  Motion,  or  rather 
in  the  science  of  Equilibrium,  had  been  made 
hy  the  ancients,  as  we  have  seen.  Archimedes 
established  satiafactorijj  the  doctrine  of  the  Lever, 
some  important  properties  of  the  Center  of  Gravity, 
and  the  fundamental  proposition  of  Hydrostatics. 
But  this  beginning  led  to  no  permanent  progress. 
Whether  the  distinction  between  the  principles  of 
the  doctrine  of  Erfjuilibrium  and  of  Motion  was 
clearly  seen  by  Archimedes,  we  do  not  know;  but 
it  never  was  caught  hold  of  by  any  of  the  other 
writers  of  antiquity,  or  by  those  of  the  stationary 
period.  What  was  still  worse,  the  point  which 
Archimedes  had  won  was  not  steadily  maintained. 

We  have  given  some  examples  of  the  general 
ignorance  of  the  Greek  philosophers  on  such  sub- 
jects, in  noticing  the  strange  manner  in  which 
I  Aristotle  refers  to  mathematical  properties,  in  order 
to  account  for  the  equilibrium  of  a  lever,  and  the 
attitude  of  a  man  rising  from  a  chair.  And  we 
have  seen,  in  speaking  of  the  indistinct  ideas  of 


made  to  extend  the  statical  doctrine  of  Arcliimedes, 
failed,  in  such  a  manner  as  to  show  that  his  fol- 
lowers had  not  cloarly  apprehended  the  idea  on 
which  his  reasoning  altogether  depended.  The 
clouds  which  he  had,  for  a  moment,  cloven  in  his 
advance,  closed  after  him,  and  the  former  dimness 
and  confusion  .settled  again  on  the  land. 

This  dimness  and  confusion,  with  respect  to  all 
subjects  of  mechanical  reasoning,  prevailed  still,  at 
the  period  we  now  have  to  consider ;  namely,  the 
period  of  the  first  promulgation  of  the  Coj)ernlcau 
opinions.  This  is  so  important  a  point  that  I  must 
illustrate  it  further. 

Certain  general  uotions  of  the  connexion  of 
cause  and  effect  in  motion,  exist  in  the  human 
mind  at  all  periods  of  its  developement,  and  are 
implied  in  the  formation  of  language  and  in  the 
most  lamiliar  eniploymonts  of  men's  thoughts.  But 
these  do  not  constitute  a  science  of  Mechanics^  anj 
more  than  the  notions  of  stpiare  and  roumt  make 
a  Geometry,  or  the  notions  of  inAHiths  and  pcarn 
make  an  Astronomy.  The  unfolding  these  Notions 
into  ilistinct  Ideas,  on  which  can  lie  founded  prin- 
ciples and  reasonings,  Is  further  requisite,  in  order 
to  produce  a  science ;  and,  with  respect  to  the  doiv 
trincs  of  Motion,  this  was  long  in  coming  to  pass; 
men's  thoughts  remained  long  entangled  in  their 
primitive  and  unscientific  confusion. 

We  may  mention  one  or  two  features  of  this 
confusion,  such  as  we  find  in  authors  helonging  tn 
the  period  now  under  review. 
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We  have  already,  in  speaking  of  the  Greek 
Sthool  Philosophy,  noticed  the  attempt  to  explain 
wjme  of  the  difteroiices  among  Motions,  hy  classify' 
ing  them  into  Natural  Motions  and  Violent  Mo- 
tions; and  vve  have  spoken  of  the  assertion  that 
hcavj  bodies  tall  quicker  in  proportion  to  their 
greater  weight.  These  doctriues  were  still  retained: 
yet  the  i-iews  which  they  implied  were  essentially 
erroneous  and  unsound ;  for  they  did  not  refer  dis- 
tinctlv  to  a  measurable  Force  as  the  cause  of  all 
motion  or  change  of  motion :  and  they  confounded 
the  causes  which  product;,  and  those  which  jf-re- 
serre,  motion.  Hence  such  principles  did  not  lead 
immediately  to  any  advance  of  knowledge,  though 
efforts  were  made  to  apply  them,  in  the  cases  both 
of  terrestrial  Mechanics  and  of  the  motions  of  the 
heavenly  bodies. 

The  effect  of  the  Inclined  Plane  was  one  of  the 
first,  as  it  was  one  of  the  most  important,  pro- 
positions, on  which  modern  writers  employed  them- 
selves. It  was  found  tliat  a  body,  when  supported 
on  a  sloping  surface,  might  be  sustained  or  raised 
by  a  force  or  exertion  which  would  not  have  been 
able  to  sustain  or  raise  it  without  such  sup])ort. 
And  hence,  Tke  Indined  Plane  was  placed  in  the 
list  of  M«chai:ical  Powers,  or  simple  machines  by 
which  the  efficacy  of  forces  is  increased :  the  ques- 
tion was,  in  what  proportion  this  increa.se  of  efii- 
cipQcy  takes  place.  It  is  easily  seen  that  the  force 
requisite  to  sustain  a  body  '\&  i^maller,  as  the  slope 
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on  which  it  rests  is  snialltT:  Cardan  (whosip  worlt, 
De  Proportionihus  Ninneroruvi .  Motumn.  Punde- 
rutru  &c..  was  publimhed  in  1545)  asserts  that  the 
force  is  double  when  the  angle  ol"  inclination  is 
double,  and  so  on  for  other  proportions;  this  is  pro- 
bably a  guess,  aod  is  au  erroneous  one.  Gnido 
Ubaldi,  of  Marchmont,  published  at  Pesaro.  in  1577, 
a  work  whicb  he  called  Merhaniconvin  Liber,  in 
whieh  he  endeavours  to  prove  that  an  acute  wedge 
will  produce  a  greater  nieclianical  effect  than  an 
obtuse  one,  without  detemiiniug  in  what  propor- 
tion. There  is,  be  observes,  "  a  certain  repugnance" 
between  the  direction  in  which  the  side  of  the 
wedge  tends  to  move  the  obstacle,  and  the  direc- 
tion in  which  it  really  does  move.  Thut;  the  Wedge 
and  the  Inclined  Plane  are  connected  in  principle. 
He  also  refers  the  Screw  to  the  IncHned  Plane 
and  the  Wedge,  in  a  manner  which  shows  a  just 
apprehension  of  the  question.  Benedetti  (1585) 
treats  the  Wedge  in  a  different  manner;  not  exact, 
but  still  showing  some  powers  of  thought  on  me- 
chanical subjects.  Michael  Varro.  whose  Tractattis 
tk  MoCu  was  published  at  Geneva  in  1584,  deduces 
the  Wedge  from  the  composition  of  hypothetical 
Tuotione,  in  a  way  which  may  appear  to  some  per- 
sons an  anticipation  of  the  doctrine  of  the  Coni- 
fwpsition  of  Forces. 

There  is  another  work  on  subjects  of  this  kind, 
of  which  several  editions  were  publislied  in  the 
sixteenth  century,  and  which  treats  this  matter  in 
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nearly  the  same  w&y  as  Varro,  aod  in   favour  of 
which  a  claim  has  been  made'  (I  think  an  un- 
founded ono,)  as  if  it  contained  the  true  principle 
of  this  problem.     The  work  is  "Jordanus  Nemo- 
rarius  De  Pondermitate."    The  date  and  iiistory  of 
this  author  were  probably  even  then  unknown ;  for 
in  1599,  Benedetti.  correcting  some  of  the  enrours 
of  Tartalea,  sajs  they  are  taken  "a  Jordano  quo- 
dam  aDtiquo."'    The  book  was  probably  a  kind  of 
school-book,  and  much  used  ;  for  an  edition  printed 
at  Frankfort,  in  1533.  is  stat^^d  to  be  Cum  gratia 
ft  pririUiifio  linitenaii,  Petro  Apiano  mathemutico 
InejtiistudiaHo  atl  j-xx  annos  conceam.     But  this 
edition  does  not  contain  the  Inclined  Plane.  Though, 
those  who  compiled  the  work  assert  in  words  some- 
thing like  the  inverse  proportion  of  Weights  and 
their  Velocities,  they  had  not  learnt  at  that  time 
how  to  apply  this  maxim  to  the  IticUued  Plane: 
nor  were  they  ever  able  to  render  a  sound  reason 
for  it.     In  the  edition  of  Venice,   1565.  however, 
such  an  application  is  attempted.     Tlie  rea^oning!^ 
are  founded  on  the  usual  Aristotelian  as.sumption. 
"that  bodies  descend  more  quickly  in  proportion 
as  they  are  heavier."     To  this  principle  are  added 
some  others:  as.  that  "a  body  is  heavier  in  pro- 
pctrtion  as  it  descends  more  directly  to  the  center," 
and  that,  in  proportion  as  a   body  descends  more 
obliquely,  the  intercepted  part  of  the  direct  descent 
is  smaller.     By  means  of  these  prineiple.s,  the  "de- 
'  Mr.  DrinkwaWr's  l.ifr  qfdaliJen,  in  the  Lib.  n§cr.  Kn.  p.  83. 
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scending  force"  of  bodies,  on  inclined  planes,  was 
compared,  by  a  process,  which,  so  far  as  it  forms 
a  Hue  of  proof  at  all,  is  a  somewhat  curious  ex- 
ample of  confused  and  vicious  reasouing.  When 
two  bodies  are  supported  on  two  inclined  planes, 
and  are  connerted  by  a  string  passing  over  the 
junction  of  the  planes,  so  that  when  one  descends 
the  other  ascends,  they  must  move  through  equal 
spaces  on  the  planes ;  but  on  the  plane  which  is 
more  oblique  {that  is,  more  nearly  horizontal,)  the 
vertical  deseeut  will  he  smaller  in  the  same  pro- 
portion in  which  the  plane  is  longer.  Hence,  by 
the  Aristotelian  principle,  the  weight  of  the  body 
^on  the  longer  plane  is  less;  and,  to  produce  an 
equality  of  efteet,  the  body  must  be  greater  in  the 
same  proportion.  We  may  observe  that  the  Aris- 
totelian principle  is  not  only  false,  but  Is  here 
misapplied ;  for  its  genuine  moaning  is,  that  when 
bodies  ^/^/ree/y  by  gravity,  they  move  quicker  in 
proportion  as  they  are  heavier ;  but  the  rule  is 
here  applied  to  the  motions  which  bodies  woitld 
have^  if  they  were  moved  by  a  force  extraneous 
to  their  gravity.  The  proposition  was  supposed  by 
the  Aristotelians  to  be  true  of  actual  velocities ; 
it  Is  applied  by  Jordanus  to  'virtual  velocities, 
without  his  being  aware  what  he  was  doing.  This 
confusion  being  made,  the  result  is  got  at  by 
taking  for  granted  that  bodies  thus  proved  to  be 
p(|ually  hea^p,  have  equal  powers  of  descent  on 
the  inclined  planes;  whereas,  in  the  previous  part 
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of  the  reasoning,  the   weight  was  supposed   to   be 
[proportional  to  the  descent  in  the  vertical  direc- 
tion.    It  is  obvious,  in   all   this,   that  though  the 
author   had  adopted   the  false   Aristotelian   prin- 
ciple, he  had  not  settled  in  his  own  raind  whether 
the    motions    of   which    it   spoke    were   actual    or 
rirtual  motions ; — motions  in  the  direction  of  the 
inclined   plane,  or  of  the  intercepted  parts  of  the 
vertical,  corresponding  to  these ;  nor  whether  the 
"descending  force"  of  a  body  was  something  dif- 
ferent from  its  weight.     We  cannot  doubt  that,  if 
he  had  been  required  to  point  out,  with  any  exact- 
ness, the  cases  to  which  his  reasoning  applied,  he 
would  have  been  unable  to  do  so ;  not  possessing . 
any  of  those  clear  fundamental  Ideas  of  Pressure 
and  Force,  on  which  alone  any  real  knowledge  on 
saich  subjects   must   depend.     The   whole  of  Jor- 
danus's  reasoning  is  an  example  of  the  confusion 
of  thought  of  his  period,  and  of  nothing  more.     It 
no  more  supplied  the  want  of  some  man  of  genius, 
who  should  give  the  subject  a  real  scientific  foun- 
dation, than  Aristotle's  knowledge  of  the  propor- 
tion of  the  weights  on  the    lever  superseded  the 
necessity  of  Archimedes's  proof  of  it. 

We  are  not,  therefore,  to  wonder  that,  though 
this  preteuded  theorem  was  copied  by  other  writers, 

by  Tartalea,  in  his  Quesiti  et  Inventioni  Di- 
"«.  published  in  1554.  no  progress  was  made 
in  the  real  solutioTi  of  any  one  m>i?ehanical  problem 
by  means  of  it.     Guido   Ubaldi,   who,   in    1577, 
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writes  in  such  a  manner  as  to  show  that  he  hiul 
taken  a  good  hold  of  his  subject  for  his  time,  refers 
to  Pappus's  solution  of  the  problem  of  the  Inclined 
Plane,  but  makes  no  mention  of  that  of  Jordanus 
and  Tartalea'.  No  progress  was  likely  to  occur, 
till  the  mathematicians  had  distinctly  recovered 
the  genuine  Idea  of  Pressure,  as  a  Force  producing 
equilibrium,  which  Archimedejj  had  possessed,  and 
which  was  soon  to  reappear  in  St-evimis. 

The  properties  of  the  Lever  had  always  con- 
tinued known  to  mathematiciaus,  althougli,  in  the 
dark  period,  the  superiority  of  the  proof  given  by 
Archimedes  had  not  been  recognized.  We  are  not 
to  be  surprized,  if  reasonings  like  those  of  Jor- 
danus were  applied  to  demonstrate  the  theories 
of  the  Lever  with  apparent  success.  Writers  on 
mechanics  were,  as  we  have  seen,  so  vacillating  in 
their  mode  of  dealing  with  words  and  propositions, 
that  their  maxims  could  be  made  to  prove  any 
thing  which  was  already  known  to  be  true. 

We  proceed  to  speak  of  the  beginning  of  the 
real  progress  of  Mechanics  in  modern  times. 

Sect.  2. — Reviraf  of  the  ScJentific  Tdfin  of  Prp^stnrfi. 
— Stevimts.—Equilibrimn  (^  Obliquv  Forces. 

The  doctrine  of  the  Center  of  Gravity  was  the  part 
of  the  speculations  of  Archimedes  which  was  most 

'  Tbaldi  meHtioits  and  lilaniM  Jorrlaniw'!*  way  nf  trtatinff  th« 
Ipvpr.    (.See  liis  PreHvce.) 
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diligently  prosecuted  after  his  time.     Pappus  and 
others,  among  the  ancients,   had  solved  some  new 
problems  on    this   subject,   and    Commandinus,   in 
I5ti5.  published  De  O'ntro  OraritdHif  Sofidont?n. 
Such  treatises  contained,   for  the  most  part,  only 
mathematical    consequences   of  the    doctrines    of 
Archimedes ;  but  the  mathematicians  also  retained 
a  steady  conviction  of  the  mechanical  property  of 
the  Center  of  Gravity,  namely,  that  all  the  weight 
of  the  body  might  he  collected  there,  without  any 
change   in  the  mechanical   results ;   a  conviction 
which  is  closely  connected   with   our  fundamental 
conceptions  of  mechanical  action.     Such  a  princi- 
ple, also,  will  enable  us  to  determine  the  result  of 
mauy  simple  mechanical  arrangements;  for  instance, 
if  a  matheniatician  of  those  days  had  been  asked 
whether    a   solid   ball    could   be    made   of  such   a 
form.  that,  when  placed  on  a  hori?;ontaI  plane,  it 
should  go  on  rolling  forwards  without  limit,  merely 
by  the  effect  of  its  own  weight,  he  would  probably 
have   answered,   that    it    could   not;  for   that   the 
renter  of  gravity  of  the  ball  would  seek  the  lowest 
position  it  couJd  6nd,  and  that,  when  it  had  found 
this,  the  ball  could  have  no  tendency  to  roll  any 
further.     And.  in  making  this  assertion,  the  su|>- 
posed  reasoner  woidd  not  be  anticipating  any  wider 
proofs  of  the  impossibility  of  a  perjtetual  viotitm. 

LJrawn  from  principles  subsequently  discovered,  but 
would  be  referring  the  question  to  certain  funda- 
mental convictions,  which,  whether  put  into  Axioms 
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or  not,  inevitably  accompany  our  mechanical  eoH' 
ceptions. 

In  the  same  way.  ii'Steviniis  ofBrnges  in  \^S(>, 
when  he  puiilisheJ  his  fiegh'insekv  dpr  IVaaghaynft 
{Principles  of  Equilihrium).  had  been  asked  why  a 
loop  of  chain,  hung  over  a  triangular  heam,  could 
not,  as  he  ^serted  itcnuld  not,  go  on  moving  round 
and  round  perpetually,  by  the  action  of  its  owa 
weight,  he  would  probably  have  answered,  that  the 
weight  of  tiie  chain,  if  it  produced  motion  at  all, 
must  have  a  tendency  to  bring  It  into  some  certain 
position;  and  that  when  the  chain  had  reached  this 
position,  it  would  have  no  tendency  to  go  any  fur- 
ther; and  thus  he  would  have  reduced  the  impos-^ 
sibility  of  such  a  perpetual  motion,  to  the  concep- 
tion of  gravity,  as  a  force  tending  to  produce  equi>^ 
librium  ;  a  principle  perfectly  sound  and  correct,      V 

Upon  this  principle  thus  applied,  Stevinus  did 
establish  the  fundamental  property  of  the  Inclined 
Plane.  He  supposed  a  loop  of  string,  loaded  with 
fourteen  equal  balls  at  equal  distances,  to  hang  over 
a  triangular  support  which  was  compoticd  of  two 
inclined  planes  with  a  horizontal  base,  and  whose 
sides,  being  unequal  in  the  proportion  of  two  to 
one,  supported  four  and  two  halls  respectively. 
He  showed  that  this  loop  must  hang  at  rest,  be- 
cause any  motion  would  only  bring  it  into  the 
same  condition  In  which  it  was  at  first;  and  that 
the  festoon  of  eight  halls  which  hung  down  below 
the  triangle  might  he  removed  without  disturbing 
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the  equilibrium;  so  tliat  lour  balls  on  the  longer 
plane  would  balance  two  halls  on  the  shorter  plane, 
or  the  wi?ights  would  he  as  the  lengths  of"  the  planes 
inttfree|itfd  by  the  horizontal  line. 

Stevinus  showed  his  Hrni  possession  of  the  truth 
fontained  in  this  principle,  hj  deducing  from  it  the 
properties  of  forces  acting  in  oblique  directions 
under  all  kinds  of  conditions ;  in  short,  he  showed 
his  entire  ability  to  found  upon  it  a  complete  doc- 
trine of  equilibrium ;  and  upon  his  foundations,  and 
without  any  additional  support,  the  mathematical 
doctrines  of  Statics  might  have  been  carried  to  the 
highest  pitch  of  perfection  they  hare  yet  reached. 
The  formation  of  the  science  was  finished;  the  ma- 
thematical developement  and  exposition  of  it  were 
alime  open  to  extension  and  change  (a). 

The  contemporaneous  progress  of  the  other 
liranch  of  mechanics,  the  Doctrine  of  Motion,  inter- 
fered with  this  independent  advance  of  Statics;  and- 
to  that  we  must  now  turn.  We  may  observe,  how- 
ever, that  true  propositions  respecting  the  composi- 
m  of  forces  appear  to  have  rapidly  diffused  them- 
Ives.  The  Trackitus  d^  Motu  of  Michael  Varro 
of  Geneva,  already  noticed,  printed  in  1584,  had 
that  the  forces  which  balance  each  other, 
Toting  on  the  sides  of  a  right-angled  triangular 
wedge,  are  in  the  proportion  of  the  sides  of  the 
triangle ;  and  although  this  assertion  does  not  ap- 
pear to  have  been  derived  from  a  distinct  idea  of 
pressure,  the  author  had  hence  rightly  deduced  the 
VOL.  II.  C 
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properties  of  the  wedge  and  the  screw.  And  shortly; 
after  this  time.  Galileo  also  established  the  same 
results  on  diftcrent  principles.    In  his  Treatise  Defle 
iicie7i::fi  Mecaniciis  (151)2),   he  refers  the  inclined 
plane  to  the  lever,  in  a  sound  and  nearl}'  sati^lac- ! 
tory  manner;  imagining  a  lever  so  placed,  that  the 
motion  of  a  body  at  the  oxtremity  of  one  of  itai 
arms  should  be  in  the  same  direction  as  it  is  upon 
the  plane.     A  slight  modificatiou  makes  this  an. 
unexceptionable  proof 


Sect  3. — Preliide  to  the  Sctenre  t^  Dyimm-i^s. — 
AtUinyls  at  the  First  Law  of  Motiou. 

We  have  already  seen,  that  Aristotle  divided  Mo- 
tions into  Natural  and  Violent.      Cardan  endea- 
voured to  improve  this  division   by  making  three 
classes;   Voluntary  Motion,  which  is  circular  andl 
uniform,  and  which  is  intended  to  include  the  celes-j 
tial   motions :   Natiiral  Motion,  which   is  stronger 
towai-da  the  end,  a,'*  the  motion  of  a  falling  body; — 
this  is  in  a  straight  line,  because  it  is  motion  to  an^ 
end,  and  nature  seeks  her  ends  by  the  shortest; 
road :  and  thirdly,  VioletU  Motion,  including  in  this] 
term  all  kinds  difterent  from  the  former  two.     Car- 
dan was  aware  that  such  Violent  Motion  might  be 
produced  by  a  very  small  force ;    thus  he  asserts, 
that  a  spherical  body  resting  on  a  horizontal  plane 
may  be  put  in  motion  by  any  force  which  is  sufti- 
cient  to  cleave  the  air;   for  which,  however,  he 
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erroneously  assigns  as  a  reason,  the  sraallnesii  of 
the  point  of  contact'.  IJiit  the  most  common  mis- 
take of  this  periotl  was,  that  of  supposing  that  as 
force  is  rerjuisitii  to  move  a  body,  so  a  perpetual 
supply  of  force  is  rei]uisite  to  keep  it  ip  motion. 
The  whole  of  what  Kepler  called  his  "physical" 
reasoning,  depended  upon  this  assumption.  He 
emieavoured  to  discover  the  forces  by  which  the 
motions  of  the  planctii  about  the  suu  might  be  pro- 
duced ;  hut,  in  all  cases,  he  considered  the  velocity 
of  the  planet  as  produced  by,  and  exhibiting  the 
(effect  oC  a  force  which  acted  in  tlie  direction  of  the 
motion.  Kepler's  essays,  which  are  in  this  respect 
so  feeble  and  unmeaning,  have  soniGtimes  been  con- 
sidered as  disclosing  some  distant  anticipation  of 
Newton's  discovery  of  the  existence  and  law  of  cen- 
tral forces.  There  is,  however,  in  reality,  no  other 
connexion  between  these  speculations  than  that 
which  arises  from  the  use  of  the  tomi  yJwce  by 
the  two  writers  in  two  utterly  different  meanings, 
Kepler's  Forces  were  certain  imaginary  qualities 
which  appeared  in  the  actual  motion  wliieh  the 
Iwdies  had ;  Newton's  Forces  were  causes  which 
appeared  by  the  change  of  motion :  Kepler's  Forces 
nrged  the  bodies  forwards ;  Newton's  deflected  the 
IkkIics  (rom  such  a  progress.     If  Kepler's  Forces 


'  In  »peitking  nf  tlio  fierce  wkicli  would  Hmw  it  hrn\y  up  &n 
iniiined  plune  he  oljBervea,  that  "per  coinQmni.'ni  animi  B«i"en- 
liitn,"  wlten  the  pknc  becomef  horizontal,  the  requisite  fotce  ia 
iiirthing. 
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were  destroyeiJ,  the  hody  would  iiistiintly  stop; 
Newton's  were  annihilated;  the  body  would  go  on 
uniformly  in  a  straight  line.  Kepler  compares  the 
action  of  his  Forces  to  the  way  in  which  a  body 
might  be  driven  rounds  by  being  placed  among  the 
sails  of  a  windmill;  Newton's  Forces  would  be 
represented  by  a  rope  pulling  the  body  to  the 
center.  Newton's  Force  is  merely  mutual  attrac- 
tion; Kepler's  is  something  quite  ditt'erent  from 
this;  for  though  he  perpetually  illustrates  his  views 
by  the  example  of  a  magnet,  he  warns  us  that  the 
sun  differs  from  the  magnet  in  this  respect,  that  its 
force  is  not  attractive,  but  directive'.  Kepler's 
essays  may  with  considerable  reason  be  asserted  to 
be  an  anticipation  of  the  Vortices  of  Descartes ;  but 
they  can  with  no  propriety  whatever  be  said  to 
anticipate  Newton's  Dynamical  Theory, 

The  confusion  of  thought  which  prevented  ma^ 
thematicians  from  seeing  the  difference  betweea 
producing  and  preserving  motion,  was,  indeed,  fatal 
to  all  attempts  at  progress  on  this  subject.  We 
have  already  noticed  the  perplexity  in  which  Aris^ 
totle  involved  himselC  by  his  endeavours  to  find  a  * 
reason  for  the  continued  motion  of  a  stone  afier  the  H 
moving  power  had  ceased  to  act ;  and  that  he  had 
ascribed  it  to  the  effect  of  the  air  or  other  medium 
in  which  the  stone  moves,  Tartalea.  whose  Nnom 
Sclenza  is  dated  1550,  though  a  good  pure  mathe- 
matician, is  still  quite  in  the  dark  on  mechanical 
'  EpUame  Astnn.  CttperH,  p.  176. 
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matters.     One  of  his  propositions,  in  the  work  just 
mentioned,  is  {B.  i.  Prop.  3).  "The  more  a  heavy 
body  recedes  from  the  beginning,  or  approaches  the 
end  of  violent  motion,  the  slower  and  more  inertly 
it  goes ;"  whieh  he  applies  to  the  horizontal  motion 
of  projectiles.     In  like  manner  most  other  writers 
about  this  period  eoneeiveJ  that  a  eannon-ball  goes 
forwards  till  it  loses  all  its  projectile  motion,  and 
then  falls  downwards.     Benedetti,  who  has  already 
been  mentioned,  must  be  considered  as  one  of  the 
first  enlightened  opponents  of  this  and  other  Aristo- 
telian errours   or  puzzles.      In  his  Spt'culatimnim 
Lifter,  (Venice,  1585.)  he  opposes  Aristotle's  mecha- 
nical opinions,  witli  great  expressions  of  respect,  but 
in  a  very  sweeping  manner.     His  chapter  xxiv.  is 
headed,  "Whether  this  eminent  man  was  right  in 
his  opinion  concerning  violent  and  natural  motion." 
And  after  stating  the  Aristotelian  opinion  just  men- 
tioned, that  the  body  is  impelled  by  the  air,  he  says 
that  the  air  must  impede   rather  than  impel  the 
body,  and  that"  "  the  motion  of  the  body,  separately 
from  the  mover,  arises  by  a  certain  natural  impres- 
sion  from    tlie  impetuosity   {e3!  impetuositaU:)   re- 
ceived from  the  mover."     He  adds,  that  in  natural 
motions  this  tmpeiuositti  continually  increases,  by 
the  continued  action  of  the  cause, — namely,  the 
propension   of  going  to  the   place  assigned  it   by 
nature;  and  that  thus  the  velocity  increases  as  the 
body  moves  from  the  beginning  of  its  path.    This 

'  p.  IR4. 
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statement  shows  a  clearness,  of  conception  with 
regard  to  the  cause  of  accelerated  motion,  which] 
Galileo  liiraself  was  long  in  acquiring. 

Though  Beiiedetti  was  tlius  on  the  waj  to  the 
First  Law  of  Motion,  that  all  motioa  is  uniform  and 
rectilinear,  except  so  far  as  it  is  att'ected  hy  extrane* 
ous  forces;  this  Law  was  not  likely  to  be  eithenj 
generally  conceived,  or  satisfactorily  proved,  till  the 
othor  Laws  of  Motion,  by  which  the  action  of  Forces  ■ 
is  rcfrulated,  had  come  into  view.  Hence,  though  a 
partial  apprehension  of  this  principle  had  preceded 
the  discovery  of  the  Laws  of  Motion,  we  must  place 
the  establishment  of  it  in  the  period  when  those 
Laws  were  detected  and  established,  the  period  of 
Galileo  and  his  followers. 


23 


CHAPTER    II. 


iNnucTivE  Epoch  of  Galileo. — Discovery  of  the 
Laws  of  Motion  in  Simple  Cases. 


Sect.  1. — Eslahlisfiwent  of  the  First  Law  of  Mot'tim- 

AFTER  matheiiiaticians  had  l>egun  to  doubt  or 
reJGct  the  authority  of  Aristotle,  they  wore  still 
KMnc  time  in  coining  to  the  conclusion,  that  the 
distinction  of  Natural  and  Violent  Motions  was  alto- 
gether untenable; — that  the  velocity  of  a  body  in 
mtttion  increased  or  diminished  in  consequence  of 
the  action  of  extrinsic  causes,  not  of  any  property 
of  the  motion  itself;- — and  that  the  apparently  uni- 
Tersal  fact,  of  bodies  going  slower  and  slower,  aa  if 
by  their  own  disposition,  till  they  finally  stopped, 
from  which  Motions  had  been  called  Violent,  arose 
from   the  action   of  external   obstacles   not  imme- 
diately obvious,  as  the  friction  and  the  resistance  of 
the  air,  when  a  bail  ruus  on  the  ground,  aii«i  thtj 
action  of  gravity,  when  it  is  thrown  upwards.     But 
the  truth  to  which  they  were  at  last  led,  was,  that 
such  causes  would  account  for  oU  tlie  diminution  of 
vetocity  which  bodies  ftxperienee  when  apparently 
left  to  themselves;  and  that  without  such  causes, 
the  motion  of  all  bodies  would  gn  on  for  ever,  in  a 
straight  Hue  and  with  a  uniform  velocity. 


I 
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Who  first   announced   this    Law   in  a   genera 
form  it  may  be  dirticult  to  point  out;  its  exact 
or  approximate   truth   was   necessarily   taken    fof^f 
granted  in  all  complete  investigations  on  the  sub- 
ject of  the  laws  of  motion  of  falling  bodies,  and  of 
bodies  projected  so  as  to  describe  curves.     In  Ga-^ 
lileo's  first  attempt  to  solve  the  problem  of  falUn^^ 
bodies,  he  did  not  caiTy  his  analysis  back  to  the 
notion  of  force,  and  therefore  this  law  does  not 
appear.     In   1CU4  he  had  an  erroneous  opinion  on 
this  subject;  and  we  do  not  know  when  he  was  led 
to  the  true  doctrine   which  ho   published  in  his 
Discorso,  in  1638.     In  his  third  Dialogue  he  gives 
the  instance  of  water  in  a  vessel,  for  the  purpose 
of  showing  that  circular  motion  has  a  tendency  to 
continue.     And  in  his  first  Dialogue  on  the  Coper- 
nican  System'  (published  in  1630),  he  asserts  Cir- 
cular Motion  alone  to  be  naturally  uniform,  and 
retains  the  distinction  between  Natm-al  and  Violent 
Motion.     In  the  Dinhgues  on  Mechanics^  however, 
published   in   1638,   but  written  apparently  at  an 
earlier  period,  in  treating  of  Projectiles',  he  asserte 
the  true  Law.     "  Mobile  super  planum  horizontale 
])rojectum   mente  concipio  oraiii   secluso  impedi- 
mento ;  jam  constat  ex  his  qua?  fusius  alibi  dicta 
sunt,  illius  motum  equabilem  et  perpetuum  super 
ipso  piano  futurum  esse,  si  planum  in  infinitum 
extendatur."     "  Conceive    a   moveable    body  upon 
a  horizontal  plane,  and   suppose  all  obstacles  to 
'  Dial.  i.  p. -M).  '  1,.  HI. 
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motion  to  be  removed;  it  is  then  manifest,  from 
what  has  been  said  more  at  large  in  another  place, 
that  the  bodj's  motion  will  be  uniform  and  per- 
petual upon  the  plane,  if  the  plane  be  indefinitely 
extended."  His  pupil,  Borelli,  in  1667  {in  the 
treatise  De  Vi  Pefctissitmis),  states  the  proposition 
generally,  that  "  Velocitj  is,  by  its  nature,  uniform 
and  perpetual ;"  and  this  opinion  appears  to  have 
been,  at  that  time,  generally  diffused,  as  we  find 
evidence  in  Wallis  and  others.  It  is  commonly  said  . 
that  Descartes  was  the  first  to  state  this  generally. 
Ills  Prtncipia  were  published  in  1644;  but  his 
prools  of  this  First  Law  of  Motion  are  rather  of 
a  theological  than  of  a  mechaiiieal  kind.  His  rea- 
son for  this  Law  is',  "the  immutability  and  sim- 
plicity of  the  operation  by  which  God  preserves 
motion  in  matter.  Fur  he  only  preserves  it  pre- 
cisely as  it  is  in  that  moment  in  which  he  preserves 
it,  taking  no  account  of  that  which  may  have  been 
previously."  Reasoning  of  this  abstract  and  a 
priori  kind,  though  it  may  be  urged  in  favour  of 
true  opinions  after  they  have  been  inductively  esta- 
blished, is  almost  equally  capable  of  being  called 
in  on  the  side  of  errour,  as  we  have  seen  in  the 
case  of  Aristotle's  philosophy.  We  ought  not,  how- 
ever, to  forget  that  the  reference  to  these  abstract 
and  u  priori  principles  is  an  indication  of  the 
absolute  universality  and  necessity  which  we  look 
for  in   eoniplotc   sciences,   and  a   result  of  those 

^  Prineip-  p.  34, 
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faculties  by  which  siich  science  is  rendered  possible, 
and  suitable  to  mans  iiitellvctual  nature.  *^M 

The  induction  by  which  the  First  Law  of  Mo-  ^ 
tion  is  established,  consistfi.  as  iiiduetiou  consists 
in  all  cases,  in  conceiving  cloarlj'  the  Law,  and  in 
perceiving  the  subordiuation  of  Facts  to  it.  But 
the  Law  speaks  of  bodies  not  acted  upon  by  any 
external  force,  a  case  which  never  occurs  in  fact;  fl 
and  the  difficulty  of  the  step  consisted  in  bringing  " 
all  the  common  cases  in  which  motion  is  gradually 
extinguished,  under  the  notion  of  the  action  of  a 
retarding  force.  In  order  to  do  this,  Ilookc  and 
others  showed  tbat»  by  diminishing'  the  obvious 
resistances,  the  retardation  also  became  less ;  and 
men  were  gradually  led  to  a  distinct  appreciar 
tion  of  the  Resistance.  Friction.  &«.,  which,  in  all 
terrestrial  motions,  prevent  the  Law  from  being  j 
evident ;  and  thus  they  at  last  established  by  ex-  V 
poriment  a  Law  which  cannot  be  experimentally 
exemplified.  The  natural  uniformity  of  motion  was 
proved  by  examining  all  kinds  of  cases  in  which 
motion  was  not  uniform.  Men  culled  the  abstract 
Rule  out  of  the  concrete  Experiment ;  although 
the  Rule  was,  in  every  case,  mixed  with  oilier 
Rules,  and  each  Rule  could  he  collected  from  the 
Experiment  only  by  supposing  the  others  knowu. 
The  perfect  simplicity  which  we  necessarily  seek 
for  in  a  law  of  nature,  enables  us  to  disentangle 
the  complexity  which  this  combination  appears  at 
Hrst  sight  to  occasion. 


DISCOVERY  OF  THE  LAWS  OF  MOTION.      27 


I 


The  First  Iaw  of  Motiou  asserts  that  the  mo- 
tion of  a  body,  whon  left  to  itself,  will  aot  on]y  be 
imifomi,  but  rectilinear  also.  This  latter  part  of 
the  law  is  indeed  obvious  of  itself,  as  soon  as  we 
conwive  a  body  detached  from  all  s|)tcial  reference 
to  external  points  and  objects.  Yet,  as  we  have 
seen,  Galileo  asserted  that  the  naturally  unifurm 
motion  of  bodies  was  that  which  takes  place  in  a 
circle.  Benedetti.  however,  in  1585^  had  ontei- 
tained  sound  notions  on  this  subject.  In  com- 
menting on  Aristotle's  question,  why  we  obtain  an 
advantage  in  throwing  by  using  a  sHng,  he  says*, 
that  the  body,  when  whirled  round,  tends  to  go 
on  in  a  straight  line.  In  Galileo''s  second  Dialogue, 
be  makes  one  of  his  interlocutors  (Siniplicio),  when 
appealed  to  on  this  subject,  after  thinking  intentiy 
for  a  little  while,  give  the  same  opinion ;  and  the 
principle  is.  from  this  time,  taken  for  granted  by 
the  authors  who  treat  of  the  motion  of  projectilo. 
Descartes,  as  might  be  supposed,  gives  the  same 
reason  for  this  as  for  the  other  part  of  the  law, 
namely,  the  immutability  of  the  Deity. 


Sect.  2. — Formation  and  Appiication  n/the  Notion 
o/  Arcelerativff  Farce. — Laree  ((f  Falling  Bodice. 

We  have  seen  how  rude  and  vague  were  the  at- 
tempts of  Aristotle  and  his  followers  to  obtain  a 
philosophy  of  bodies  falling  downwards  or  thrown 

'  "  Corpus  Vfllct  TPcta  iter  peragpre."     Speciilntionum  Liber, 
p.  JtiO. 
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in  any  direction.  If  the  First  Law  of  Motion  had 
been  clearlv  known,  it  would  then,  perhaps,  have 
been  seen  that  the  way  to  understand  iind  analyze 
the  motion  of  any  body,  is  to  consider  the  Causes 
of  chariffe  of  motion  which  at  each  instant  operate 
upon  it ;  and  thus  men  would  have  been  led  to 
the  notion  of  Accelerating  Forces,  that  is.  Forces 
which  act  upon  bodies  already  in  motion,  and  acce- 
lerate, retard,  or  deflect  their  motions.  It  was,  bow- 
ever,  only  after  many  attempts  that  they  reached 
this  point.  They  began  by  considering  the  whofe 
■motion  with  reference  to  certain  ill-defined  abstract 
Notions,  instead  of  considering,  with  a  clear  ap- 
.  prehension  of  the  conditions  of  Causation,  the  suc' 
ce»si.ve  parts  of  which  the  motion  consists.  Thus, 
they  spoke  of  the  tendency  of  bodies  to  the  Center, 
or  to  their  Own  Place ;— of  Projecting  Force,  of 
Impetus,  of  Retraction; — 'with  little  or  no  profit^ 
to  knowledge.  The  indistinctness  of  their  notions^ 
may,  perhaps,  be  judged  of  from  their  specyla- 
tions  concerning  projectiles.  Santbach*.  in  1561, 
imagined  that  a  body  thrown  with  great  velocity, 
as,  for  instance,  a  ball  from  a  cannon,  went  in  a 
straight  line  till  all  its  velocity  was  exhausted,  and 
then  fell  directly  downwards.  He  has  written  a 
treatise  on  gunnery,  founded  on  this  absurd  assump-  ■ 
tion.     To  this  succeeded  another  doctrine,  which, 

•  Proiiiewaium  Aslruaomicorain  et  Geometricontm  Srctiuncs, 
vii.  &l:.  &c-     A«i:t«ire  Uanide  Santbacli,  Noviumaigo,     BasUcce, 
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though   not    much    more   philosophical    than   the 
former,  agreed  much  better  with  the  phenomena. 
Nicolo   Tartalea    {Niiova   Scitnza,    Venice,    1550 ; 
Q/ipsiti  et  ImaUioni  Direr^i,  1554)  and  Gualtier 
Rivius  {Arckrtecliira,  &c..  Basil  158*2)  represented 
the  path  of  a.  cannon-ball  as  consisting,  first  of  a 
straight  line  in  the  direction  of  the  original  projec- 
tiuQ,  then  of  au  arc  of  a  circle  in  which  it  went 
on  till  its  motion  became  vertical  downwards,  and 
then  of  a  vertical  line  in  which  it  continued  to  fall. 
The  latter  of  these  writers,  however,  was  aware 
that   the  path   must,   from   the   first,  be  a  curve; 
and  treated  it  as  a  straight  line,  only  because  the 
curvature  is  very  slight.     Even  Santbach's  figure 
represents  the  path  of  the  ball  a&  partially  descend- 
ing before  its  final   fall,   but  then  it  descends  by 
gteps,  not  in  a  curve.     Santbach,  therefore,  did  not 
conceive  the  Composition  of  the  effect  of  gravity 
with  the  existing  motion,  but  supposed  them  to  act 
alternately ;  Rivius,  however,  understood  this  Com- 
position, and  saw  that  gravity  must  act  as  a  deflect- 
ing force  at  every  point  of  the  path.    Galileo,  in  his 
second  Diologue",  makes  Simplicius  come  to  the 
same   conclusion.     *'  Since,"    he    says.    "  there    is 
nothing  to  support  the  body,  when  it  quits  that 
which  projects  it,  it  cannot  be  but  that  its  proper 
gravity  must  operate,"    and  it   must   immediately 
begin  to  decline  downwards. 

The  Force  of  Gravity  which  thus  produces  de- 
"  J..  147. 
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Hection  and  curvature  in  the  path  of*  body  thrown 
iMii{ui'ly,    coiistiintly    inereases   the    velocity    of  a^f 
bodv  ■\vheu  it  fails  vcrtiraHv  downwards.     The  uni- 
vorsality  of  this  iucroase  was  obvious,  both  froin^ 
reasfiniDg  and  in  fact ;  the  law  of  it  coidd  only  be" 
discovered  by  closer  consideration ;  and  the   full 
analysis  of  the  problem  required  a  distinct  measure 
of  the  quantity  of  Accelerating  Force.     Galileo» 
who  first  solved  this  problem,  beg-an  by  viewing  it"' 
as  a  question  of  fact,  hut  conjectured  the  sohitiotl 
by  talcing  for  granted  that  the   rule  must  be   the 
simplest  possible.     "  Bodies,"  he  says",  "  will   fall" 
in  the  most  simple  way.  because  Natural  Motions 
are  always  the  most  simple.     When  a  stone  falls, 
if  we  consider  the  matter  attentively,  we  shall  find 
that  there  is  no  addition,  no  inorease,  of  tht'  velocity 
more  simple  than  that  whieh  is  always  added  in 
the  same  manner,"  that  is,  when  equal  additio 
take  place  in  equal  times;  "which  we  shall  easi 
understand  if  we  attend  to  the  close  connexion  of 
motion  and  tunc."     From  this  Law,  thus  as-sunit^d, 
he  deduced  that  the  spaces  described  from  the  be-™ 
ginning  of  the  motion  must  be  as  the  squares  ofv 
the  times ;  and,  again,  assuming  that  the  laws  of 
descent  for  balls  rolling  down  inclined  planes,  must 
be  the  same  as  for  bodies  falling  freely,  he  verified 
this  conclusion  by  experiment. 

It  will,  perhaps,  occur  to  the  rciider  that  this 
argument,  from  the  simplicity  of  the  assumed  law, 
'  7>i«/.  &.  iv.  p.91. 
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\s  somewhat  iuseciire.  It  is  not  always  easy  for 
UK  to  discern  what  that  greatest  simjilicity  is,  which 
nature  adopts  in  her  laws.  Accordingly.  Galileo 
vns  led  wryn^  by  this  way  of  viewing  the  subject 
before  he  was  led  right,  lie  at  ftrst  supposed,  that 
the  Velocity  which  the  body  had  acquired  at  any 
point  must  be  proportional  to  the  Spa^x  described 
from  the  point  where  the  motion  began.  This  false 
law  is  as  simple  in  its  enunciation  as  the  true  law, 
that  the  Velocity  is  proportional  to  the  Time :  it 
had  been  asserted  as  the  true  law  by  M.  Varro  (De 
Motn  TractatiiA,  Geuevai.  1 584).  and  by  Baliani.  a 
gentlemaji  of  Genoa,  who  published  it  in  1G38.  It 
was,  however,  soon  rejected  by  Galileo,  though  it 
was  afterwards  taken  up  and  defended  by  Casrseus, 
one  of  Galileo's  opponents.  It  so  happens,  indeed, 
that  the  false  law  is  not  only  at  variance  with  fact, 
hut  with  itself:  it  involves  a  mathematical  self-con- 
tradiction. This  circumstance,  however,  was  acci- 
dental :  it  would  he  easy  to  state  laws  of  the  increase 
of  velocity  which  should  be  simple,  and  yet  false  in 
6ict.  though  quite  possible  in  their  own  nature. 

The  Law  of  Velocity  was  hitherto,  as  we  have 
seen,  treatei)  as  a  law  of  phenomena,  without  refer- 
ence to  the  Causes  of  the  law.  "The  cause  of  the 
acceleration  of  the  motions  of  falling  bodies  is  not," 
GaUlco  obser\es,  "a  necessary  part  of  the  investiga- 
tion. Opinions  are  different.  Some  refer  it  to  the 
tpproach  to  the  center;  others  say  that  there  is  a 
H    eertaiu  extension  of  the  centrical  medium,  which. 
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closing  l(-'liind  the  body,  pushes  it  forwards.     Fc 
the  present,  it  is  enough  for  us  to  demonstrate  cei 
tain  properties  of  Accelerated  Motion,  the  accelers 
tion  being  according  to  the  very  simple  Law,  that"^ 
the  Velocity  is  proportional  to  the  Time.     And  it", 
we  find  tliat  the  properties  of  such  motion 
verified  by  the  motions  of  bodies  descending  freely^ 
we  may  suppose  that  the  assumption  agrees  with 
the  laws  of  bodies  failing  freely  by  the  action  oi^m 
gravity"."  " 

It  was,  however,  an  easy  step  to  conceive  this 
acceleration  as  caused  by  the  continual  action  of 
gravity.     This  account  had  already  been  given  by 
Benedetti,  as  we  have  seen.     When  it  was  onc^M 
adopted,  gravity  was  considered  as  a  constant  or™ 
vni/orm  force;  on  this  point,  indeed,  the  adherents 
of  the  law  of  Galileo  and  of  that  of  Casrsus  were 
agreed ;  but  the  question  was,  what  is  a.  Uniform 
Force  ?     The  answer  which  Galileo  was  led  to  girt 
was  obviously  this ; — tJiat  is  a  Uniform  Force  whid 
generates  equal  velocities  in  equal  successive  times; 
and  this  principle  leads  at  once  to  the  doctrine, 
that  Forces  are  to  be  compared  by  comparing  the     i 
Velocities  generated  by  them  in  equal  times.  ^| 

Though,  however,  this  was  a  consequence  of  the 
rule  by  which  Gravity  is  represented  as  a  Uniform 
Force,  the  subject  presents  some  difficulty  at  first 
sight.  It  is  not  immediately  obvious  that  we  may 
thus  measure  forces  by  the  Velocity  fjddcd  in  a_ 

"  Gal.  Op.  iii.  91,  92. 
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given  time,  without  taking;  into  account  the  Velocity 
llnjy  have  already.  If  we  eiimmunifate  velocity  to 
a  boJy  by  the  hand  or  hy  a  spring,  the  effect  we 
produce  in  a  second  of  time  is  lessoned,  when  the 
l>ody  h;is  already  a  velocity  which  withdraws  it 
from  the  pressure  of  the  agent.  But  it  appears  that 
this  is  not  so  in  the  case  of  gravity;  the  velocity 
added  in  one  second  is  the  same,  whatever  down- 
ward motion  the  body  already  possesses.  A  body 
lalling;  from  rest  acquires  a  velocity,  in  one  .second, 
of  thirty-two  feet;  and  if  a  cannon-ball  were  shot 
downwards  with  a  velocity  of  1000  feet  a  second, 
it  would  equally,  at  the  end  of  one  second,  have 
received  an  accession  of  32  feet  to  its  velocity. 

Tliis  conception  of  Gravity  as  a  Uniform  Force, 
— as  constantly  and  ei|ually  inerea^ing  the  velocity 
of  a  descending  body, — will  become  clear  by  a  little 
attention;  but  it  undoubtedly  presents  difficulty  at 
first.  Accordingly,  we  find  that  Descartes  did  not 
accept  it.  "  It  is  certain,"  he  says,  "that  a  stone  is 
not  equally  disposed  to  receive  a  new  motion  or 
increase  of  velocity  when  it  is  already  moving  very 
qulekly.  and  wlien  it  is  moving  slowly." 

Descartes  showed,  by  other  expressions,  that  he 
bad  not  caught  hold  of  the  true  notion  of  accele- 
rating force.  Thus,  he  says,  in  a  letter  to  Mer- 
flcnue,  "I  am  astonished  at  what  you  tel!  «ie,  of 
having  found,  by  experiment,  that  bodies  thrown  up 
in  the  air  take  neither  more  nor  less  time  to  rise 
than  to  fail  again ;  and  you  will  excuse  me  if  I  say 

VOL.  II.  D 
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that  I  look  upon  the  experiment  as  a  very  difficuU 
one  to  make  accurately."  Yet  it  is  clear  from  i 
Notion  of  a  Constant  Force  that  (omitting  the  re- 
sistance of  the  air,)  this  equaHty  must  take  place; 
for  the  Force  which  will  gradually  destroy  the 
whole  velocity  in  9,  certain  time  in  ascending,  will, 
in  the  same  time,  generate  again  the  same  velocity 
by  the  same  gradations  inverted ;  and  therefore  the 
same  space  will  be  passed  over  in  the  same  time  in 
the  descetit  and  in  the  ascent. 

Another  difficulty  arose  from  a  necessary  conse- 
quence of  the  Laws  of  Falling  Bodies  thus  esta- 
blished;— the  proposition,  namely,  that  in  acquiring 
its  motion,  a  body  passes  through  every  interme-| 
diate  degree  of  velocity,  from  the  smallest  conceiv- 
able, up  to  that  which  it  at  last  acquires.  When  a 
body  falls  from  rest,  it  begins  to  fall  with  no  velo- 
city; the  velocity  increases  with  the  time;  and  in' 
one  thousandth  part  of  a  second,  the  body  has  only 
acquired  one  thousandth  part  of  the  velocity  which 
it  has  at  the  end  of  one  second. 

This  is  certain,  and  manifest  on  consideration;' 
yet  there  was  at  first  much  difficulty  raised  on  the 
subject  of  this  assertion ;  and  disputes  took  place 
concerning  the  velocity  with  which  a  body  bepitis  tof 
fall.     On  this  subject  also  Descartes  did  not  form 
clear  notions.     He  writes  to  a  correspondent,  "  I 
have  been  revising  my  notes  on  Galileo,  in  which  I, 
have  not  said  expressly  that  falling  bodies  do  noti 
pass  through  every  degree  of  slowness,  but  I  said 
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that  tills  canuot  be  known  without  knowing  what 
Weight  is,  which  comes  to  the  same  thing;  as  to 
your  example,  1  grant  that  it  proves  that  every 
J^ree  of  velocity  is  infinitply  divisiblp,  but  not 
that  a  falling  body  actually  passes  through  all  these 
divisions," 

The  Principles  of  the  Motion  of  Falling  Bodies 
being  thus  established  by  Galileo,  the  Deduction  of 
the  principal  mathematical  consequences  was,  as  is 
usual,  effected  with  great  rapidity,  and  is  to  be 
Tuuud  in  his  works,  and  in  those  of  his  scholars  and 
successors.  The  motion  of  bodies  falling  freely 
was,  however,  in  such  treatises,  generally  combined 
with  the  motion  of  bodies  Falling  along  Inclined 
Planes;  a  part  of  the  theory  of  which  we  have  still 
to  speak. 

The  Notion  of  Accelerating  Force  and  of  its 
operation,  once  formed,  was  naturally  applied  in 
other  cases  than  that  of  bodies  falling  freely.  The 
diflferent  velocities  with  which  heavy  and  light 
bodies  fall  were  explained  by  the  different  resist- 
ance of  the  air.  which  diminishes  the  accelerating 
force'';  and  it  was  boldly  asserted,  that  in  a  vacuum 
a  lock  of  wool  and  a  piece  of  lead  would  fall  equally 
quickly.  It  was  also  maintained'*  that  any  falling 
body,  however  large  and  hea\7,  would  always  have 
its  velocity  in  some  degree  diminished  by  the  air  in 
which  it  falls,  and  would  at  last  be  reduced  to  a 

Ite  of  uniform  motion,  as  soon  as  the  resistance 
\  •  Galileo,  ill.  43.  "  tit.  54. 
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upwards  became   equal  to  the  aceelerating  fore 
doBTiwards.     Though  the  law  of  progress  of  a  I 
to  this  limiting  velocity  -was  not  made  out  till  the. 
Prineifnii  of  Newton  appeared,  tho  views  oit  which ' 
Galileo  made  this  assertion  are  pt^rfectly  sound,  and 
show  that  ho  had  clearly  coueeived  the  nature  aac 
operation  of  accelerating  and  retarding  force. 

When  Uniform  Accelerating  Forces  had  onc< 
been  mastered,  there  remained  only  mathematical 
diffieulties  in  the  treatment  of  Variable  Forces.     Aj 
Variable  Force  was  measured  bj  the  Limit  of  thel 
increment  of  the  Velocity,  compared  with  the  incre- 
ment of  the  Time;  just  as  a  Variable  Velocity  was 
measured   by  the   Limit   of  the   increment  of  the  i 
Space  compared  with  that  of  the  Time. 

With  this  introduction  of  the  Notion  of  Limits, 
we  are,   of  course,  led   to  the  Higher  Geometry, 
either  in  its  geometrical  or  its  analytical  form.   The 
general  laws  of  bodies  falling  by  the  action  of  any 
Variable   Forces,   were  given  by  Newton   in  the 
Seventh  Section  of  the  Prindpifi.     The  subject  is, 
there,  according  to  Newton's  preference  of  geome- 
trical methods,  treated  by  means  of  the  Quadrature 
of  Ciu"ves,  the  Doctrine  of  Limits  being  exhibited  in 
a  peculiar  manner  in  the  First  Section  of  the  work, 
in  order  to  prepare  the  way  for  such  applications  of 
it.     Leibnitz,  the  BernouiHis,  Euler,  and  since  their^ 
time,  many  other  mathematicians,  have  treated  sucl 
questions   by   means  of  the  analytical   method  oi 
limits,  the  Differential  Calculus.     The  Rectilineal 
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Motion  of  Iwdics  acted  upon  by  variable  forces  is, 
of  course,  a  simpler  problem  than  their  Curvilinear 
Motion,  to  which  we  have  now  to  proceed.  But  It 
may  l»e  remarked  that  Newton,  having  established 
the  laws  of  Curvilinear  Motion  independently,  has, 
in  a  great  part  of  his  Seventh  Section,  deduced  the 
simpler  case  of  the  Rectilinear  Motion  from  the 
more  complex  problem,  by  reasonings  of  great  in- 
genuity and  beauty. 


Sect.  3. — Establkkmmt  ciftbe  S^rond  LatP  of  Motion. 
Curvilinear  Motions. 

A  SLiGUT  degree  of  distinctness  in  men*s  mecha- 
nical notions  enabled  them  to  perceive,  as  we  have 
already  explained,  that  a  body  which  traces  a 
curbed  line  must  be  urged  by  some  force,  by  which 
it  is  constantly  made  to  deviate  from  that  recti- 
linear patli,  which  it  would  pursue  if  acted  upon  by 
no  force.  Thus,  when  a  body  is  made  to  describe  a 
circle,  as  when  a  stone  is  whirled  round  in  a  sling, 
we  find  that  the  string  does  exert  such  a  force  on 
the  stone ;  for  the  string  is  stretched  by  the  effort, 
and  if  it  lie  too  slender,  it  may  thus  be  broken. 
This  ceiiirifitgal  for<x  of  bodies  moving  in  circles 
was  noticed  even  by  the  ancients.  The  effect  of 
force  to  produce  curvilinear  motion  also  appears  in 
the  paths  described  by  projectiles.  We  have  already 
seen  that  though  Tartalea  did  not  perceive  this  cor- 
rectly, Rivius„  about  the  same  time,  did. 
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To  see  that  a  transverse  force  would  produce 
curve,  was  one  step ;  to  determine  what  the  curvj 
is,  was  another  step,  which  involved  the  discovery 
of  the  Second  Law  of  Motion.  This  step  was  made 
by  Galileo.  In  his  DiaJ^m<^'S  on  Motion,  he  asserts 
that  a  body  projected  horizontally  will  retain  a  uni- 
form motion  in  the  horizontal  direction,  and  will 
have,  compounded  with  this,  a  uniformly  accele- 
rated motion  downwards,  that  is,  the  motion  of  ^fl 
body  falliag  vertically  from  re.st;  and  will  thus 
describe  the  curve  called  a  parabola.  ^ 

The  Second  Law  of  Motion  consists  of  this*™ 
assertion  in  a  general  form ; — namely,  that  in  all 
cases  the  motion  which  the  force  would  produce  is 
compounded  with  the  motion  which  the  body  pre^B 
viously  has.  This  was  not  obvious ;  for  Cardan 
had  maintained",  that  "if  a  body  is  moved  by  two 
motions  at  once,  it  will  conie  to  the  place  resulting 
from  their  composition  slower  than  by  either  of 
them."  The  proof  of  the  truth  of  the  law  to 
Galileo's  mind  was,  so  far  as  we  collect  from  the 
Dialogue  itself^  the  simplicity  of  the  supposition, 
and  his  clear  perception  of  the  causes  which^  in 
some  cases,  produced  an  obvious  deviation  in  prao, 
tice  from  this  theoretical  result.  For  it  may 
observed,  that  the  cur\'ilinear  paths  ascribed 
military  projectiles  by  Rivius  and  Tartalea,  and  by 
other  wTiters  who  followed  them,  as  Digges  and 
Norton  in  our  own  country,  though  utterly  different] 
"  Op.  Tol,  iv.  \y.  -jyo. 
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from  the  theoretical  fornij  the  parabola,  do,  in  fact, 
approach  nearer  the  true  paths  of  a  cannon  or 
musket-ball  than  a  parabola  would  do:  and  this 
approximation  more  especially  exists  in  that  which 
»t  first  sight  appears  most  "absurd  in  the  old  theory; 
namely,  the  assertion  that  the  ball,  which  ascends 
in  a  sloping  direction,  finally  descends  vertically. 
In  consequence  of  the  resistance  of  the  air,  this  is 
really  the  path  of  a  projectile ;  and  when  the  velo- 
city is  very  great,  as  in  military  projeetiles,  thfc 
deviation  from  the  parabolic  form  is  very  manifest. 
This  cause  of  discrepancy  between  the  theory, 
which  does  not  take  resistance  into  the  account, 
and  the  fact,  Galileo  perceived ;  and  accordingly  he 
says'*,  that  the  velocities  of  the  projectiles,  in  such 
cases,  may  be  considered  as  excessive  and  super- 
natural. With  the  due  allowance  to  &ucli  causes, 
he  maintained  that  his  theory  was  verified,  and 
might  be  applied  in  practice.  Such  practical  ap- 
plications of  the  doctrine  of  projectiles  no  doubt 
had  a  share  in  establishing  the  truth  of  Galileo's 
views.  We  must  not  forget,  however,  that  the 
full  establishment  of  this  second  law  of  motion  was 
the  result  of  the  theoretical  and  experimental  dis- 
cussions concerning  the  motion  of  the  earth:  ]t3 
fortunes  were  involved  in  those  of  the  Copemican 
system;  and  it  shared  the  triumph  of  that  doctrine. 
This  triumph  was  already  decisive,  indeed,  in  the  time 
of  Galileo,  but  not  complete  till  the  time  of  Newton. 
"  Op.  vol.  iii.  p.  147. 
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Sect.  4. — Generalization  of  the  Laws  of  Equili-^ 
bnam. — Prindph  of  Virtual  Velocities. 

It  was  known,  even  as  early  as  Aristotle,  that  the; 
two  weights  which  balance  each  other  on  the  lever, 
if  they  move  at  all,  move  with  velocities  which  are 
in  the  inverse  proportion  of  the  weights.  The  pecu-  • 
liar  resources  of  the  Greek  language,  which  could 
state  this  relation  of  inverse  proportionality  in  a 
single  worii  {■apTme-wovBev),  iixcil  it  in  men's  minds, 
and  prumjitod  them  to  generalize  from  this  property. 
Such  attempts  were  at  first  made  with  indistinct 
ideas,  and  on  conjecture  only;  and  had,  therefore,. 
no  scientific  value.     This  is  the  judgment  which  wei 
must  pass  on  the  book  of  Jordanus  Ncmorarius, 
which  we  have  already  mcntioucd.     Its  reasonings 
are    professedly    on    Aristotelian    principles,    and 
exhibit  the  common   Aristotelian  absence  of  ail 
distinct   mechanical    ideas.     But  in  Varro,  whose  i 
Tractatus  do  Motu  appeared  in  1584.  we  find  tho 
principle,  in  a  general  form,  not  satisfactorily  proved 
indeed,  hut  much  more  distinctly  conceived.     This 
is  his  first  theorem :  "  Duarmn  viriura  eonnoxaruni 
ipiaruin   (si  movcantur)  motus  erunt  ipsis  avrnre-  ■ 
TTQtS^  proportionales,  neutra  alteraai  movebit,  sed 
equilibrium  facient."    The  proof  oflered  of  this  is, 
that  the  resistance  to  a  ibrcc  is  as  the  motion  pro- 
duced ;  and,  as  we  have  seen,  the  theorem  is  riglitly 
Applied  ill  the  example  of  the  wedge.     From  this 
time  it  api»cars  to  have  been  usual  to  prove  ti 
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properties  of  machines  b^  means  of  this  principli;. 
This  is  done,  for  instance,  in  Les  liaisons  den 
forcf£  Mouzantes,  the  production  of  Solomon  de 
Cnus,  en^neer  to  the  Elector  Palatine,  publislied  at 
Antwerp  in  161 G;  in  which  the  cfiect  of  toothed- 
wheels  and  of  the  screw  is  determined  in  this 
manner,  but  the  inclined  piano  is  not  treated  of. 
The  same  is  the  case  in  Bisliop  Wilkins's  Afal/ia- 
matical  Magk^  in  1 648. 

When  the  true  doctrine  of  the  Inclined  Piano 
had  been  established,  the  laws  of  e(]uilihrium  for 
all  the  simple  machines  or  Mechanical  Powers,  as 
they  had  usually  been  enumerated  in  books  on 
Mechanics,  were  brought  into  view ;  for  it  was  easji' 
to  see  that  the  werfi/e  and  the  screyo  involved  the 
same  principle  as  the  inclined  plane,  and  the  pttUeu 
could  obviously  bf  reduced  to  the  leter.  It  was, 
al^,  not  difficult  for  a  person  with  clear  mecha- 
nical ideas,  to  perceive  how  any  other  combination 
of  bodies*  on  which  pressure  and  traction  arc 
exerted,  may  be  reduced  to  these  simple  machines, 
m  as  to  disclose  the  relation  of  the  forces.  Hence 
by  the  discovery  of  8tcvinus,  all  problems  of  equili- 
brium were  essentially  solved. 

The  conjectural  generalization  of  the  projierty 
of  the  lever,  which  we  have  Ju5t  mentioned,  enabled 
mathematicians  to  express  the  solution  uf  all  these 
problems,  by  means  of  oce  proposition,  Tliis  was 
done  by  saying,  that  in  raisiiig  a  weight  by  any 
niachlae,  wc  Ivin  iu  time  what  we  gain  in  force ; 
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the  weight  raised  moves  us  much  sloicet'  than  the 
power,  as  it  \%  larger  than  the  power.     This  wa»i 
ex|)Uiried  with  great  clearness  by  Galileo,  in  th' 
pri'faco  to  his  Treutwe  on  Mechanical  ifcimce,  pu 
lishpdin  15^2. 

The  motions,  however,  which  we  here  suppoi 
thf  ptirtH  of  the  machine  to  have,  are  not  motiong 
whioh  tho  forces  ]iroduce;  for  at  present  we 
dt'iiliii;^  with  the  case  in  which  the  forces  balance 
each  othi?r,  and  therefore  produce  no  motion.     But 
wti  ascribe  t<i  the  Weigfhts  and  Powers  hypothetical 
mutiomt,  arising  from  some  other  cause ;  and  then, 
by  the  conatruction  of  the  machine,  the  velocities  of 
the  Weljrht-S  and  Powers  must  have  certain  definite^| 
ratios.     These  velocities,  hcing  thus  hypothetically  " 
supposed  and   not   actually   produced,  are  called 
Virfnal  VidtK'ities.     And  the  general  law  of  e<jui- 
lihrium  is.  that  in  any  niachitte.thc  Weights  which] 
IwUnce  each  other,  arc  reciiirocally  to  each  othei 
AR  thwr  Virtual  V<>U»cities.    This  is  called  the  Prit 
rt;***/  Virtititt  Veit^ties, 

Till*;  IVinciple  (which  was  afterwards  still  fiir- 
thcr  p'licralinHU  is.  Ity  some  of  the  admirers  of  j 
(Jalile^*.  dwell  «|h)»  as  one  of  his  great  son-ices  t«^ 
inodianips.  But  if  we  cxamino  it  more  nearly,  we 
iJiall  set<  that  tt  lias  not  much  importance  ia  our 
history.  It  iss  a  p»nerali«ation.  Iwrt  ■  g«eneraliiaUoa 
I'Staldiithcii  raihoT  hv  enumeration  of  cases,  than  by 
a»y  iodiielion  jvrxKY^sling  »ipi»n  one  dirtinrt  Idea, 
liko  those  RiMieniliMtions  ftf  K«ts  by  «luc*i  lam 
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are  primarily  established.  It  rather  serves  verbally 
to  conjoin  Laws  previously  known,  than  to  exliibit 
a  connexion  in  them :  it  is  rather  a  help  for  the 
memory  than  a  proof  for  the  reason. 

The  Principle  of  Virtual  Velocities  is  so  far 
from  implying  any  clear  possession  of  mechanical 
ideas,  that  any  one  who  knows  the  property  of  the 
Lever,  tt'hether  he  is  capable  of  seeing  the  reason 
for  it  or  not,  can  see  that  the  greater  weight  moves 
slower  in  the  exact  proportion  of  its  greater  magni- 
mde.  Accordingly,  Aristotle,  whose  eDtire  want 
of  sound  mechanical  views  we  have  shown,  has  yet 
noticed,  this  truth.  When  Galileo  treats  of  it, 
instead  of  offering  any  reasons  which  could  inde- 
pendently establish  this  principle,  he  gives  his 
rearlers  a  number  of  analogies  and  illustrations, 
many  of  them  very  loose  ones.  Thus  the  raising 
a  great  weight  by  a  small  force,  he  illustrates  by 
fiupposing  the  weight  broken  into  many  small  parts, 
and  conceiving  these  parts  raised  one  by  one.  By 
other  persons,  the  analogy,  already  intimated,  of 
gain  and  loss  is  referred  to  as  an  argument  for  the 
principle  in  question.  Such  images  may  please  the 
fancy,  but  they  cannot  be  accepted  as  mechanical 
reasons. 

Since  Galileo  neither  first  enunciated  this  rule, 
nor  ever  proved  it  as  an  independent  priiiciple  of 
mechanics,  we  cannot  consider  the  diacovery  of  it 
as  one  of  his  mechanical  achievements.  Still  less 
can  we  compare  his  reference  to  this  principle  with 
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Stevinus's  proof  of  the  Inclined  Plane ; 
we  have  seen,  was  rigorouslj  inferred  from  the 
sound  axiom,  that  a.  body  cannot  put  itself  in 
motion.  If  we  were  to  assent  to  the  really  self- 
evident  axioms  of  StevinuSj  only  in  virtue  of  the 
unproved  verbal  generalization  of  Galileo,  we  should 
be  in  great  danger  of  allowing  ourselves  to  be  re- 
ferred successively  from  one  truth  to  another,  with- 
out any  reasonable  hope  of  ever  arriving  at  any- 
thing ultimate  and  fundamental. 

But  though  this  Principle  of  Virtual  Velocity 
cannot  be  looked  upon  as  a  great  discovery  of  Ga- 
lileo, it  is  a  highly  useful  rule ;  and  the  varied 
forms  under  which  he  and  his  successors  urged  it, 
tended  much  to  dissipate  the  vague  wonder  with 
which  the  eftects  of  machines  had  been  looked 
upon ;  and  thus  to  difliise  sounder  and  clearer  no- 
tions on  such  subjects. 

The  Principle  of  Virtual  Velocities  also  affected 
the  progress  of  mechanical  science  in  another  way; 
it  suggested  some  of  the  analogies  by  the  aid  of 
which  the  Third  Law  of  Motion  was  made  out ; 
leading  to  the  adoption  of  the  notion  ai  Momentum 
as  the  arithmetical  product  of  weight  and  velocity. 
Since  oil  a  machine  on  which  %  weight  of  two' 
pounds  at  one  part  balances  three  pounds  at  an- 
other part,  the  former  weight  would  move  through 
three  inches  while  tlie  latter  would  move  through 
two  inches;  we  aee  (since  three  multiplied  into  two 
is  etjual  to  two  niultipUed  into  three,)  that  the 
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PriHlfiH  of  the  weig;ht  and  the  velocity  is  the  sanie 
for  the  two  balancing  weights ;  and  if  we  call  this 
Product  Afonienticm,  the  Law  of  Equilihrium  is, 
that  when  two  weights  balance  on  a  machine,  the 
Momentum  of  the  two  would  be  the  same,  if  they 
were  put  in  motion. 

The  Notion  of  Momentum  was  here  employed 
in  connexion  with  Virtual  Velocities:  but  it  also 
came  under  consideration  in  treating  of  Actual 
Velocitieji,  as  we  shall  soon  see. 


Sect.  6. — Attempt:?  at  the  Third  Law  of  Motion. — 
Notion  of  Momentum. 

In  the  c|uestions  we  have  hitherto  had  to  consider 
respecting  Motion,  no  regard  is  had  to  the  Size 
of  the  body  moved,  but  only  to  the  Velocity  and 
Direction  of  the  motion.  We  must  now  trace  the 
progress  of  knowledge  respecting  the  mode  in  which 
the  Mass  of  the  body  influences  the  effect  of  Force. 
This  is  a  more  difficult  and  complex  branch  of  the 
subject ;  but  it  is  one  "which  requires  to  be  no- 
ticed, as  obviously  as  the  former.  Questions  belong- 
ing to  this  department  of  Mechanics,  as  well  as 
to  the  others,  occur  in  Aristotle's  Mechanical  Pro- 
blems. "Why,"  says  he,  "is  it  that  neither  very 
small  nor  very  large  bodies  go  far  when  wc  throw 
them;  but^  in  order  that  this  may  happen,  the 
thing  thrown  must  have  a  certain  proportion  to 
the  agent  which  throws  it?     Is  it  that  what  is 
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thrown  or  pushed  must  react"  against  that  which 
pushes  it;  and  that  a  body  so  large  as  not  to  yieldfl 
at  all,  or  so  small  as  to  yield  entirely,  and  wot  to™ 
react,  produces    no  throw  or  push  ?"     The    same 
confusion  of  ideas  prevailed  after  his  time:  and, 
mechaiueal  questions   were  in  vain  discussed  byi 
means   of  general    and  abstract    terms,    employedll 
with  no  distinct  and  steady  meaning ;  such  as  int^\ 
peiii^,  poimi\  iitonu'vtum,  rirtue,  energy,  and  the| 
like.     From  some  of  these  speculations  we  may' 
judge  how  thorough  the  confusion  in  men's  heads 
had  become.     Cardan  perplexes  himself  with  the] 
difficulty,  already  mentioned,  of  the  comparison 
the  forces  of  bodies  at  rest  and  in  motion.     If  the 
Force  of  a  body  depends  on  its  velocity,  as  it  ap- 
pears to  do,  how  is  it  that  a  body  at  rest  has  any 
Force  at  all.   and   how  can   it  resist  the  slightest  ^ 
effort,  or  exert  any  pressure?     He  flatters  himself M 
that  he  solves  this  question,  by  asserting  that  bodies 
at  rest  have  an  occult  motion.    *' Corpus  movetur™ 
oceulto  motu  quiescendo." — Another  puzzle,  with  " 
which  he  appears  to  distress  himself  rather  more 
wantonly,  is  this :  "  If  one  man  can  draw  half  of 
a  certain  weight,  and  another  man  also  one  half;  i 
when  the  two  act  together,  these  proportions  should 
be  compounded;  so  that  they  ought  to  be  able  to 
draw  one  half  of  one  half,  or  one  quarter  only."  ^ 
The  talent  which  ingenious  men  had  for  getting  ™ 
into  such  perplexities,  was  certainly  at  one  time 

wmptih*ut. 
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very  great.  Arriaga".  who  wrote  in  10'J9.  is 
Irouliled  to  tUseover  how  several  fiat  weights,  lying 
one  upou  another  on  a  board,  should  produce  a 
greater  pressure  together  than  the  lowest  one 
alone  produces,  sincp  that  alone  touclies  the 
board.  Among  other  solutions,  ho  suggests  that 
the  board  affects  the  upper  weight,  which  it  does 
not  touch,  by  determining  its  uhication,  or  whet^ 

WW*'. 

Aristotle's  doctrine,  that  a  body  ten  times  as 
heavy  as  another,  will  fall  ten  times  as  fast,  is 
another  instance  of  the  confiision  of  Statical  and 
Dynamical  Forces :  the  Force  of  the  greater  body, 
while  at  rest,  is  ten  times  as  great  as  that  of  the 
other ;  but  the  Force  as  measured  by  the  velocity 
produced,  is  equal  in  the  two  cases.  The  two 
bodies  would  fall  downwards  with  the  same  rapid- 
ity, except  so  far  as  they  are  affected  by  accidental 
causes.  The  merit  of  proving  this  by  esperimcnt, 
and  thus  refuting  the  Aristotelian  dogma,  is  usually 
ascribed  to  Galileo,  who  made  his  experiment  from 
the  famous  leaning  tower  of  Pisa,  about  1590. 
But  others  about  the  same  time  had  not  overlooked 
so  obvious  a  fact. — F.  Piccolomini,  in  his  Liber 
Srunitiw  de  Natura,  published  at  Padua,  in  1597, 
says,  "On  the  subject  of  the  motion  of  heavy 
and  light  bodies.  Aristotle  has  put  forth  various 
opinions,  which  are  contrary  to  sense  and  expe- 
rience,  and   has  delivered    rules    concerning   the 

"  Hod,  de  Arrii^^  Citrmji  Philotophimt.     Pari«,  1839. 
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proportion  of  quickness  and  slowtiess,  which  are 
palpfibly  false.  For  a  stone  twice  as  groat  does 
not  move  twice  as  fast."  And  Stevinus.  in  the 
Appendix  to  his  Statics,  describps  his  haviiij*  made 
the  experimeat.  and  speaks  with  great  correctness 
of  the  apparent  deviations  from  the  rule,  arising 
from  the  resistance  of  the  air.  Indeed,  the  result 
followed  by  very  obvious  reasoning;  for  ten  bricks, 
in  contact  with  each  other,  side  by  side,  would 
obviously  fall  in  the  same  time  as  one:  and  these 
might  be  conceived  to  form  a  body  ten  times  as 
large  as  one  of  them.  Accordingly.  Benedetti,  in 
1585,  reasons  in  this  manner  with  regard  to  bodies 
of  different  size,  though  he  retains  Aristotle's  errour 
as  to  the  different  velocity  of  bodies  of  difterent 
density. 

The  next  step  in  this  subject  is  more  clearly 
due  to  Galileo;  he  discovered  the  true  proportion 
which  the  Accelerating  Force  of  a  body  falling 
down  an  inclined  plane  bears  to  the  Accelerating 
Force  of  the  same  body  falling  freely.  This  was 
at  first  a  happy  conjecture ;  it  was  then  confirmed 
by  experiments,  and,  finally,  after  some  hesitation, 
it  was  referred  to  its  true  principle,  the  Third  Law 
of  Motion,  with  proper  elementary  simplicity.  The 
Principle  here  spoken  of  Is  this : — that  for  the  same 
body,  the  Dynamical  effect  of  force  is  as  the  Sta- 
tical effect ;  that  is,  the  Velocity  which  any  foree 
generates  in  a  given  time  when  it  puts  the  body 
in  motion,  is  proportional  to  the  Pressure  which 
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the  sami?  forcp  produces  m  a  body  at  rest.  The 
Principip.  so  stated,  appears  very  simple  and  ob- 
vious; yet  this  was  not  the  form  in  which  it  sug- 
gested itself  either  to  Galileo  or  to  other  persons 
who  sought  to  prove  it.  Galileo,  in  his  Dialo<fuei> 
OH  Motion,  assumes,  as  his  fundamental  proposi- 
tion on  this  subject,  one  mueh  less  evident  than 
that  we  have  quoted,  but  one  in  which  that  is 
involved.  His  Postulate  is",  that  when  the  same 
body  falls  down  different  planes  of  the  same  height, 
the  velocities  acquired  are  equal.  He  confirms 
and  illustrates  this  by  a  very  ingenious  experiment 
on  a  pendulum,  showing  that  tlie  weight  swings  to 
the  same  height  whatever  path  it  be  coni]>ellwl 
to  follow,  Torrlcelli,  in  his  treatise  published  1  (>44, 
says  that  he  had  heard  that  Galileo  had,  toward 
the  end  of  his  life,  proved  his  assumption,  but 
that,  not  having  seen  the  prooC  he  will  give  his 
owo.  In  this  he  refers  us  to  the  right  principle, 
but  appears  not  distinctly  to  conceive  the  proof, 
since  he  estimates  mom-eiiiiim  indiscriminately  by 
the  statical  Pressure  of  a  body,  and  by  its  Velocity 
when  in  motion:  its  if  these  two  quantities  were 
ttclf-evidently  equal,  lluyghcus,  in  1673,  expresses 
himself  dissatisfied  with  the  proof  by  which  Gali- 
leo's assumption  was  supported  in  the  later  editions 
of  his  works.  His  own  proof  rests  on  this  prin- 
ciple;— that  if  a  body  fall  down  one  inclined  plane, 
and    proceed   up   another    with    the    velocity  thus 
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arquired,  it  paniiot,  under  any  circumstances,  ascend 
to  a  higher  position  than  that  from  wliich  it  fel 
This  priueiple  coincides  vory  nearly  with  Galileo's 
exppriraental  illustration.  In  truth,  however,  Gali- 
leo's principle,  wliich  Huyghens  thus  slights,  may 
be  looked  upon  as  a  satisfactory  statement  of  the 
true  law ;  namely,  that,  m  the  same  body,  th< 
velocity  produced  is  as  the  pressure  which  produi 
it.  "We  are  agreed,"  he  says'",  "that,  in  a  movt 
able  body,  the  rmpctus,  t'vergif,  vuinwvinm,  or  pro-^ 
pevrnm  to  motmn,  is  as  great  as  is  the  Jhr<^e  or 
teiii^-t  reidntaiire.  which  suffioes  to  unpporC  it."  The 
various  terms  here  used,  both  for  dynamical  an< 
statical  Force,  show  that  Galileo's  ideas  were  n< 
confused  by  the  ambiguity  of  any  one  term,  as  ap- 
pears to  have  happened  to  some  mathematicians. 
The  princijde  thus  announced,  is.  as  we  shall  see. 
one  of  ^cat  extent  and  value;  and  we  read  with 
interest  the  circumstances  of  its  discovery,  which 
are  thus  narated''.  When  Viviani  was  studyingJj 
with  Galileo,  he  expressed  his  dissatislaetion  at  the 
want  nf  itiiy  rlcar  reason  fur  Galileo's  postulate 
resjjectiu};  the  etpijility  of  velocities  acquired  down, 
inclined  planes  of  the  snine  heights;  the  con! 
quenee  of  which  was,  that  Galileo,  as  he  lay,  tl 
same  night,  sleepless  throuij^h  Indispusition,  dis 
tvtvereii  the  pro<tf  whieli  he  had  long  sou" 
vain,  auil  introduced  it  in  the  s)ilisi>i)uei)t  editiou 
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Jt  is  e^y  to  see.  by  lookinj;;  at  the  proof,  that  the 
discoverer  had  hail  to  struf^le,  not  ior  intGrmediate 
steps  of  reaHonitij^  between  remote  notions,  as  in 
a  pToMeni  of  geoioetry,  but  for  a  clear  [jossessioti  of 
ideas  which  were  near  each  other,  and  which  he  had 
not  yet  been  able  to  bring  into  contact,  because  ho 
had  not  yet  a  sufficiently  firm  gra.sp  of  them.  Such 
terms  as  Momentum  and  Force  had  been  sources 
of  confusion  from  the  time  of  Aristotle;  and  it 
rojuired  considerable  steadiness  of  thought  to  com- 
[laro  the  forces  of  bodies  at  rest  ami  in  motion 
under  the  obscurity  and  vacillation  thus  pruduced. 

The  tonn  Af^me-nlifm'  had  been  introduced  to 
express  the  force  of  bodies  in  motion,  before  it 
was  known  what  that  effect  wan.  Galileo,  in  his 
Diacorso  intonw  nih  Cfi-^f  rhestomw  tn  w/  rAcqun, 
says,  that  "  Momentum  is  the  force,  efficacy,  or 
virtue,  with  wliieh  the  motion  moves  and  the  liody 
moved  resists,  depending^  not  upon  welf^'ht  only, 
hut  ti[>on  the  velocity,  inclination,  and  any  other 
cause  of  such  virtue-"  Wheu  he  arrived  at  more 
precision  in  his  views,  he  determined,  as  we  have 
seen,  that,  in  the  same  body,  the  Momentum  is 
jfToporttontd  to  the  Velocity ;  and,  hence  it  was 
easily  seen  that  in  different  bodies  it  was  propor- 
tional to  the  Velocity  and  Mass  jointly.  The  prin- 
ciple thus  enunciated  is  capable  of  very  extensive 
application,  and.  among  other  consequences,  leads 
to  a  deterininatiun  nf  the  results  of  the  nmtual 
Percussinn  of  Bodies.     But  though   Galileo,  like 
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others  of  his  predecessors  and  contemporaries,  hi 
speculated  concerning  the  problem  of  Percusgioi 
he  did  not  arrive,  at  any  satisfactory  conclusion; 
and  the  problem  remained  for  the  mathematicians 
of  the  next  generation  to  solve.  ^ 

We  may  liere  notice  Descartes  and  his  Laws  diH 
Motion,  the    publication  of  which  is   sometimes 
spoken  of  as  an  important  event  in  the  history 
Mechanics.   This  is  saying  far  too  much.  The  Pnj 
ripin  of  Descartes  did  little  for   physical  science.' 
His  assertion  of  the  Laws  of  Motion,  in  their  mostj 
general   shape,    was   perhaps   an   improvement    ii 
form ;  but  his  Third    Law  is  false   in  substance. 
Descartes  claimed  several  of  the  discoveries  of  Gi 
lileo  and  others  of  his  contemporaries ;  but  we  eai 
Hot  assent  to  such  claims,  when   we  find  thai,  as' 
we  shall  see,  he  did  not  understand,  or  would  not 
apply,  the   Laws  of  Motion   when  he  had   them 
before  him.    If  we  were  to  compare  Descartes  with 
Galileo,  we  might  say,  that  of  the  mechanical  truths 
which  were  easily  attainable  in  the  beginning  oi 
the  seventeenth  centurv.   Galileo  took   iiold  of 
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many,  and  Descartes  of  as  few,  as  was  well  pos 
sihie  for  a  man  of  genius  (d). 


aes 

ce. 

ost_ 
in 

ee. 

i 


53 


CHAPTER  III. 

Sequel  to  the  Eponi  of  Galileo.^ — Perioc  of 
Verification  and  Deduction. 

THE  evidence  on  which  Galileo  rested  the  truth 
of  the  Laws  of  Motion  which  he  asserted,  was, 
as  we  have  seen,  the  simplicity  of  the  laws  them- 
selves, and  the  agreement  of  their  consequences 
with  facts ;  proper  allowances  being  made  for  dis- 
turbing causes.  His  successors  took  up  and  con- 
tinued the  task  of  making;  repeated  comparisons  of 
the  theory  with  practice,  till  no  doubt  remained  of 
the  exactness  of  the  fundamental  doctrines;  they 
also  employed  themselves  in  simplifying,  as  much 
as  possible,  the  mode  of  stating  thette  doctrines,  and 
in  tracing  their  consequences  in  various  problems 
by  the  aid  of  mathematical  reasoning.  These  em^ 
ployments  led  to  the  publication  of  various  Treatises 
un  Falling  Bodies,  Inclined  Planes,  Pendulums,  Pro- 
jectiles, Spouting  Fluids,  which  occupied  a  great 
part  of  the  seventeenth  century. 

The  antliors  of  these  treatises  may  be  considered 
as  the  School  of  Galileo.  Several  of  them  were, 
indeed,  his  pupils  or  ]K:-rsonal  friends.  CastelU  was 
iiis  disciple  and  astronomical  assistant  at  Florence, 
and  afterwards  his  correspondent.  Torricelli  was  at 
first  a  pupil  of  Castelli.  but  became  the  iimiate  and 
amanuensis  of  Galileo  in  1641,  and  succeeded  liim 
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in  his  situation  at  the  court  of  Florence  on  hit 
Jeath,  which  took  place  a  fyw  months  afterwards. 
Viviatii  formed  olie  of  his  family  dtirLng  the  thre 
last  years  of  his  lif^,  and  surviving  him  and  his  coi 
temporaries,  (for  Viviani  lived  even  into  the  eighth 
eenth  century,)  has  a  manifest  pleasure  and  pride 
in  eallinfj  himself  the  last  of  the  disciples  of  Galileo. 
Gassendi,  an  eminent  French  mathematician  andfl 
professor,  visited  him  in  1G28 ;  and  it  shows  us  the 
extent  of  his  reputation  when  we  find  Milton  refer- 
ring thus  to  his  travels  in  Italy':  "There  it  was 
that  I  found  and  visited  the  famous  GalUeo,  grown_ 
old,  a  prisoner  in  the  Inquisition,  for  thinking 
astronomy  otherwise  than  the  Franciscan  and  D( 
minicau  licensers  thought." 

Besides  the  above  writers,  we  may  mention,  as' 
[Mjrsons  who  pursued  and  illustrated  Galileos  doe-^ 
trines,  Borelli,  who  was  professor  at  Florence  au<iH 
Pisa ;  Mersenne,  the  correspondent  of  Descartes, 
who  was  professor  at  Paris;  Wallis,  who  was  ap- 
pointed Saviliau  professor  at  Oxford  in  1G49,  his 
predecessor  heiiig  ejected  hy  the  parliamentary 
commissioners.  It  is  not  necessary  for  us  to  trace 
the  progress  of  purely  mathematical  inventions, 
which  constitute  a  great  part  of  the  works  of 
these  authors;  hut  a  few  circumstances  may 
mentioned. 

The  question  of  the  proof  of  the  Second  I*aw 
Motion  was,  from  the  first,  identified  with  the  con- 
'  Speech  Jar  Iht  hiberl^  of  UniiceitMtt  Pnitling. 
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troversy  respecting  the  truth  of  the  Co[>eriiican 
System ;  for  this  law  supfHied  the  true  answer  to 
the  most  formidable  of  the  objections  agalust  the 
motion  of  the  earth ;  namely,  that  il'  the  earth  were 
moving,  bodies  which  were  dropt  from  an  elevated 
object  would  be  left  behind  by  the  place  from  which 
they  fell.  This  arg^iment  was  reproduced  in  various 
forms  by  the  opponents  of  the  new  doctrine ;  and 
the  answers  to  the  argument,  though  they  belong 
to  the  history  of  Astronomy,  and  form  pai-t  of  the 
Sequel  to  the  Epoch  of  Copernicus,  belong  more 
peculiarly  to  the  history  of  Mechanics,  and  are 
events  in  the  sequel  to  the  Discoveries  of  Galileo. 
So  far,  indeed,  as  the  mechanical  controversy  was 
eoacemed.  the  advocates  of  the  Second  Law  of 
Motion  appealed,  very  triumphantly,  to  experiment. 
Gassendi  made  many  experiments  on  this  subject 
publiely,  of  which  an  account  is  given  in  his  Epis- 
toUe  tres  de  Motit  Impresso  ii  Motore  Translato''. 
It  appeared  in  these  experiments,  that  bodies  let 
fall  downwards,  or  cast  upwards,  forwards,  or  back- 
wards, from  a  ship,  or  chariot,  or  man.  whether  at 
rest,  or  in  any  degree  of  motion,  had  always  the 
same  motion  relatively  to  the  motor.  In  the  appli- 
cation of  this  principle  to  the  system  of  the  world, 
indeed.  Gassendi  and  other  philosophers  of  his  time 
were  greatly  hampered ;  for  the  deference  which 
religious  scruples  required,  did  not  allow  them  to 
say  that  the  earth  really  movedj  but  only  that  the 
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physical  reasons  against  its  motion  were  invaliil. 
This  restriction  enabled  Riccioli  and  other  writerAJ 
on  the  geocGDtric  side  to  involvG  the  subject  in  ' 
metaphysical  difticulties;  but  the  conviction  of  men 
was  not  permanently  shaken  by  these,  and  the 
Second  Law  of  Motion  was  soon  assumed  as  un* 
questioned. 

The  Laws  of  the  Motion  of  Falling  Bodies, 
assigned  by  Galileo,  were  confirmed  by  the  reason-^ 
ings  of  Gassendi  and  Fennat,  and  the  experiments^ 
of  Riccioli  and  Grimaldi ;  and  the  effect  of  resist^fl 
ance  was  pointed  out  by  Mersenne  and  DechaJes. 
The  parabolic  motion  of  Projectiles  was  more  espe^^ 
cially  illustrated  by  experiments  on  the  jet  which 
spouts  from  an  orifice  in  a  vessel  lull  of  fluid.    This 
mode  of  experimenting  is  well  adapted  to  attract 
notice,  since  the  curve  described,  which  is  transient 
and  invisible  in  the  case  of  a  single  projectile,  be*^ 
comes  permanent  and  visible  when  we  have  a  con- 
tinuous stream.     The  doctrine  of  the  motions  of 
fluids  has  always  been  zealously  cultivated  by  the 
Italians.    Castelli's  treatise, ZJi?//ff  Mimru  didfAr^ie 
Corrente,  (1638,)  is  the  first  work  on  this  subject, 
and  Montuela  with  justice  calls  him  "the  creator  of 
a  new  branch   of  hydraulics^  although  he  mis- 
takenly supposed  the  velocity  of  efflux  to  be  as  th^H 
depth  of  the  orifice  from  the  surface.     Mersenne 
and  Torricelli  also  purs^led  this  subject,  and  after^ 
them,  many  others. 
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rGalileu'^  belief  in  the  near  approximation  of  the 
curve  doscribeJ  by  a  cannon-ball  or  miisket-baU  to 
the  theoretical  parabola,  was  somewhat  too  obse- 
j]uiousIy  adopteil  hv  suoeocding  practical  writers  on 
artillery.  They  underrated,  as  he  had  done,  the 
effect  of  the  resistance  of  the  air,  which  is  in  fact 
so  great  as  entirely  to  change  the  form  and  proper- 
ties of  the  curve.  Notwithstanding  this,  the  para- 
bolic theory  was  employed,  as  in  Anderson's  Art  of 
Guiinenii  (IG74  ;)  and  Blondel  in  his  Art  de  Jeter 
ies  Bnmhi'it,  {U183,)  not  only  calculated  Tables  on 
this  supposition,  but  attempted  to  answer  the  objec- 
tions which  had  been  made  re.'jpecting  the  form  of 
the  curve  described.  It  was  not  till  a  later  period, 
(1740.)  when  Robins  made  a  series  of  careful  and 
spacious  experiments  on  artillery,  and  when  some 
of  the  most  eminent  matliematicians  calculated  the 
curve,  taking-  into  account  the  resistance,  that  the 
Theory  of  Projectiles  could  be  said  to  be  veritied 
in  fact. 

The  Third  Law  of  Motion  was  still  in  some  con- 
ftision  when  Galileo  died,  as  we  have  seen.  The 
next  great  step  made  in  the  school  of  Galileo  was 
the  determination  of  the  Laws  of  the  motions  of 
bodies  in  their  Direct  Impact,  so  far  as  this  hnpact 
aflects  the  motion  of  translation.  The  difficulties  of 
the  problem  of  Percussion  arose,  in  part,  from  the 
lieterogeneous  nature  of  Pressure  (of  a  body  at  rest), 
wid  Momentum  (of  a  body  in  motion);  and,  in  part. 
from  mi-xing  together  the  effects  of  percu-ssion  on 
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the  parts  of  a  hody,  as,  for  instance,  cutting,  bruis- 
ing, and  breaking,  with  its  effect  in  moving  the 
whole. 

The  former  difficuJty  had  been  seen  with  some 
clearness  by  Galileo  liimself.  In  a  posthumous  jmI- 
dition  to  his  Mechanical  Dialogues,  he  says,  "  there 
are  two  kinds  of  resistance  in  a  moveable  body,  one 
internal,  as  when  we  say  it  is  more  difficult  to  lift  a 
weight  of  a  thousand  pounds  than  a  weight  of  a 
Iiundred;  another  respecting  space,  as  when  we  say 
that  it  requires  more  force  to  throw  a  stone  one 
hundred  paces  than  fifty',*'  Reasoning  upon  this 
diti'erence,  he  comes  to  the  conclusion  that  "the 
Momentum  of  percussion  is  infinite,  since  there  is 
no  resistance,  however  great,  which  is  not  overcome 
by  a  force  of  percussion,  however  small*."  lie  fur- 
ther explains  this  by  observing  that  the  resistance 
to  percussion  must  occupy  some  portion  of  time, 
although  this  portion  may  be  insensible.  This  cor- 
rect mode  of  removing  the  apparent  incongruity  of 
continuous  and  instantaneous  force,  was  a  material^ 
step  in  the  solution  of  the  problem. 

The  Laws  of  the  mutual  Impact  of  bodies  wei 
<>rronoou8ly  given  by  Descartes  in  his  Prindpia. 

Land  appear  to  have  been  first  correctly  stated  byj 
Wren.  Wallis,  and  Iluyghens,  who  about  the  same 
time   (16Gi>)   sent  papers  to  the  Royal  Society  ofj 
London  on  the  subject.     In  these  solutions,  we 
coive  that  men  were  gradually  coming  to  apprehendj 
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the  Third  Law  of  Motion  in  its  most  general  sense ; 
namely,  that  the  Momentum  (which  is  |>roporttoual 
to  the  Mass  of  the  body  and  its  Velocity  jointly,) 
piay  be  taken  for  the  measure  of  the  ettect ;  so  that 
this  Momentum  is  as  much  diminished  in  the  strik- 
ing body  by  the  resistance  it  experiences,  as  it  is 
increased  in  the  body  struck  by  the  impact.  This 
was  sometimes  expressed  by  saying  that  "the  Q.uan- 
tity  of  Motion  reTnains  unaltered,"  QifiavtUy  qf  Mo- 
limt  being  used  as  synyonymous  with  Aloiuetitmu. 
Newton  expressed  it  by  saying  that  "Action  and 
Reaction  are  equal  and  opposite,"  which  is  still  one 
of  the  most  familiar  modes  of  expressing  the  Third 
Law  of  Motion. 

In  this  mode  of  stating  the  I*aw,  we  see  an 
example  of  a  propensity  which  has  prevailed  very 
generally  among  mathematicians;  namely,  a  dis- 
position to  present  the  fundamental  laws  of  rest 
and  of  motion  as  if  they  were  equally  manifest,  and, 
indeed^  identical.  The  close  analogy  and  connexion 
which  exists  between  tlie  principles  of  equilibrium 
and  of  motion,  often  led  men  to  confound  the  evi- 
dence of  the  two ;  and  this  confusion  introduced  an 
ambiguity  iu  the  use  of  words,  as  we  have  seen  in 
the  case  of  Momentum,  Force,  and  othcra  The 
same  may  be  said  of  Action  and  Reaetioji,  which 
have  both  a  statical  and  a  dynamical  signification. 
And  by  this  means,  the  most  general  statements  of 
the  laws  of  motion  are  made  to  coincide  with  the 
most  general  statical  propositions.    For  instance. 
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Newton  deduced  from  his  principles  the  conclu«iou,' 
that  hy  the  mutual  action  ui'  bodies,  the  motloo  ofi 
their  center  of  gravity  cannot  be  affected.  Mar- 
riotte.  in  his  Traite  de  Ui  Penrui^sion  (1684),  had 
asserted  this  proposition  for  the  case  of  direct  ini- 
pant  But  by  the  reasoners  of  N(?wton's  time,  tlie- 
dyiiamical  proposition,  that  the  motioii  of  the  center, 
of  gravity  is  not  altered  by  the  actual  free  motion 
and  impact  of  bodies,  was  associated  with  the  sta- 
tical proposition,  that  when  bodies  are  in  equili- 
brium, the  center  of  gravity  camnot  be  made  to 
ascond  or  descend  hy  the  mrtital  motions  of  the 
bodies.  This  latter  is  a  proposition  which  was 
sumed  as  self-evident  by  TorrieelH ;  but  which  may 
more  philosophically  be  proved  from  elementary 
statical  principles. 

This  disposition  to  identify  the  elementary  laws 
of  equilibrium  and  of  motion,  led  men  to  think  too- 
slightingly  of  the  ancient  solid  and  sufficient  foun 
datitjn  of  Statics,  the  doctrine  of  the  lever.     Whe: 
the  progress  of  thought  had  opened  men's  minds  to- 
a  more  general  view  of  the  subject,  it  was  consi- 
dered as  a  blemish  in  the  science  to  found  it  on  the 
properties  of  one   particular   machine.     Descartes! 
says  in  his  Letters^  that  "  it  iis  ridiculous  to  provi* 
the  pulley  by  means  of  the  lever."     And  Varignon 
was  led  by  similar  reflections  to  the  project  of  hisfl 
NouteUe  Mhonique.  in  which  the  whole  of  statics 
should   be  founded   on  the  composition  of  forces. 
This  project  was  published  in  1687;  but  the  ' 
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did  not  appear  till  1 725,  after  the  death  of  the 
author.  Though  the  attempt  to  reduce  the  equili- 
brium of  all  machines  to  the  composition  of  forces, 
is  philosophical  and  meritorious,  the  attempt  to 
reduce  the  eompositirtn  of  Pressures  to  the  compo- 
sition of  Motions,  with  which  Varignon's  work  is 
occupied,  was  a  retrograde  step  in  the  subject,  so 
far  as  the  progress  of  distinct  mechanical  ideas 
was  concerned. 

Thus,  at  the  period  at  which  we  have  now 
arrived,  the  Principles  of  Elementary  Mechanics 
were  generally  known  and  accepted ;  and  there  was 
in  the  minds  of  mathematicians  a  prevalent  ten- 
dency to  reduce  them  to  the  most  simple  and 
comprehensive  form  of  which  they  admitted.  The 
execution  of  this  simplification  and  extension,  which 
we  term  the  generalization  of  the  laws,  is  so  im- 
portant an  event,  that  though  it  forms  part  of  the 
natural  sequel  of  Galileo,  we  shall  treat  of  it  in  a 
separate  chapter.  But  we  must  first  bring  up  the 
history  of  the  mechanics  of  fluids  to  the  correspond- 
"ig  point. 


CHAPTER  TV. 

DiacovERY  OF  THE  MKcaANicAL  Principles  of, 
Fluids. 


SerL  1. — Rediscavery  of  Ike  Lams  of  EffU'iiihn.m^ 
of  Flniils. 
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E   have  already   said,  that  the  true  laws 
!  e<]uilibrium  of  fluids  were  discovered 
Arrliiinodes.  and  rediscovered  by  Galileo  and  Ste- 
vinus;  the  intermediate  time  having  been  occupied 
by  a  vai^ueness  and  confusion  of  thought  on  physic 
subjects,    which    made    it    impossible    for   men    to 
retain  such   clear   vioAvs   as   Archimedes   had   dis- 
closed.   Stevinus  must  be  considered  as  the  earliest 
of  the  authors  of  this  rediscovery;  for  his  worl 
{Principles  of  Statik  nvil  /ft/drostati^)  was  pub- 
lished in  Dutch  about  1585;  and  in  this,  his  vicwaj 
are    perfectly   distinct    and    correct.      IIo    restates 
the  doctrines  of  Archimedes,  and  shows  that,  as  aj 
consequence  of  them,  it  follows  that  tlie  pressure  ol 
a  fluid  on  the  bottom   of  a  vessel  may  be  much 
greater  than  the  weight  of  the  fluid  itself:  this  hsfl 
proves,  by  imagfining  some  of  the  upper  portions 
of  the  vessel  to  be  filled   with  fixed  solid  bodies^ 
which  take  the  place  of  the  fluid,  and  yet  do  not] 
alter  the   pre.ssure   on    the  base.     He  also  showi 
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what  will  be  the  pressure  on  any  [lortion  of  a  base 
in  an  oblique  position;  and  hence,  by  certain  inatlie- 
matical  artifices  which  make  an  approach  to  the 
Infiiutesimal  Calculus,  he  finds  the  whole  pressure 
on  the  base  in  such  cases.     This  mode  of  treating 
the  subject  would  take  in  a  large  portion  of  our 
elementary  Hydrostatics  as  it  now  stands.     Galileo 
saw  the  properties  of  fluids  no  less  clearly,  ajid 
explained  them   very   distinctly,   in   1612,   in   his 
DUc&tirse  oti  Flfxnbiff  Bfulm.     It  had  been  main- 
tsuned  by  the  Aristotelians  that/ornr  was  the  cause 
of  bodies  floating;  and  collaterally,  that  ice  was 
wiHlvnsfd  water;  apparently  from  a  confusion  of 
thought  between  riffidity  and  tli'nsity.     Galileo  as- 
serted, on  the  contrary,  that  ice  is  rarefied  water*  as 
appears  by  its  floating;  and  in  support  of  this,  he 
proved*  by  various  experiments,  that  the  floating  of 
bodies  does  not  depend  on  their  form,     The  happy 
genius  of  Galileo  is  the  more  remarkable  in  this 
case,  as  the  controversy  was  a  good  deal  perplexed 
by  the  mixture  of  phenomena  of  another  kind,  due 
to  what  is  usnaUy  called  r/ipilht^i/  or  wolecular  afr- 
Iriirtio?/.  Thus  it  is  a  fact,  that  abafi  of  ebony  sinks 
in  water,  while  a  JItrt  dip  of  the  same  material  lies 
m  the  surface;  and  it  required  considerable  sagacity 
to  separate  such  cases  from  the  general  rule.    Gali- 
leo's opinions  were  attacked  by  various  writers,  as 
Nozzolini,  Vineenzio  di  Grazia,  Ludovieo  delle  Co- 
lombo; and  defended   by   10.4   pupil   Castelli,   who 
published  a  reply  tn  ICIy,     These  opinions  were 
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geuerally  adopted  and  diffused;  but  somewliat  laterr' 
Pascal  pursued  tlie  subject  more  systematically,  and 
wrote  his  7Veatise  qf  the  Equilibrium  of  Fluids  ini 
1653  ;  in  which  he  shows  that  a  fluid,  enclosed  in  a 
vessel,  necessarily  presses  equally  In  all  directions, 
by  iraaginiug  two  pistnns,  or  sliding  plugs,  applied 
at  difterent  parts,  the  surface  of  one  being  centuple 
that  of  the  other :  it  is  clear,  as  he  observes,  that 
the  force  of  one  man  acting  at  the  first  pistou,  will 
balance  the  force  of  one  hundred  men  acting  at  the 
other.  '*  And  thus,"  says  he,  ■*  it  appears  that  a 
vessel  ftill  of  water  is  a  new  Principle  of  Mecha- 
nics, and  a  new  Machine  which  will  multiply  force 
to  any  degree  we  choose."  Pascal  also  referred 
the  equilibrium  of  fluids  to  the  "principle  of  virtual 
velocities,"  which  regulates  the  equilibrium  of  other 
machines.  This,  indeed,  Galileo  had  done  before 
him.  It  followed  from  this  doctrine,  that  the  pres- 
sure which  is  exercised  by  the  lower  parts  of  a  fluid 
arises  from  the  weight  of  the  upper  parts. 

lu  all  this  there  was  nothing  which  was  tiot(| 
eaiijly  assented  to :  but  the  extension  of  these  doc- 
trines to  the  air  required  an  additional  effort  of 
mechauical  conception.  The  pressure  of  the  air  on 
all  sides  of  us,  and  its  weight  above  us,  were  two 
truths  which  had  never  yet  been  apprehended  with 
any  kind  of  clearness.  Seneca,  indeed^  talks  of 
the  ■' gravity  of  the  air."  and  of  its  power  of  dif- 
fusing itself  when  conden.sed.  as  the  causes  of  wind: 
'  Qifttat.  Nitt.  V.  5. 
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but  we  can  hardly  consider  such  propriety  of 
phraseologj'  in  him  as  more  than  a  ehancp ;  for  we 
see  the  value  of  his  philosophy  by  what  he  immedi- 
ately adds :  "  Do  you  think  that  we  have  forces  by 
which  we  move  ourselves,  and  that  the  air  is  left 
without  any  powt-r  of  moving?  when  even  water 
has  a  motion  of  its  own,  as  we  see  in  the  growth  of 
plants."  We  can  hardly  attach  much  value  to 
aich  a  recognition  of  the  gravity  and  elasticity  of 
the  air. 

Vet  the  effects  of  these  causes  were  so  numerous 
and  obvious,  that  the  Aristotelians  had  been  obliged 
to  invent  a  principle  to  account  for  them ;  namely, 
"Nature's  Horrourof  a  Vacuum."  To  this  principle 
were  referred  many  familiar  phenomena*  as  suction, 
breathing,  the  action  of  a  pair  of  bellows,  its  draw- 
ing water  if  immersed  in  water,  its  refusing  to  open 
when  the  vent  is  stopped  up.  The  action  of  a  cup- 
ping instrument,  in  which  the  air  is  rarefied  by 
fire ;  the  fact  that  water  is  supported  when  a  full 
inverted  bottle  is  placed  an  a  basin;  or  when  a  full 
tube,  open  below  and  closed  above,  is  similarly 
placed ;  the  running  out  of  the  water,  in  this 
instance,  when  the  top  is  opened ;  the  action  of  a 
siphon,  of  a  syringe,  of  a  pump ;  the  adhesion  of  two 
polished  plates,  and  other  facts,  were  all  explained 
by  the/uffa  vactiL  Indeed,  we  must  contend  that 
the  principle  was  a  very  good  one.  inasmuch  as  it 
brought  together  all  these  facts,  which  are  really  of 
the  same  kind,  and  referred  them  to  a  common 
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cause.  But  when  urged  as  an  iiUimato  princip 
was  not  only  unphilosophmd,  but  imperfect  and 
wrong.  It  was  unphilosoph  ical,  because  it  introduced 
the  notion  of  an  emotion,  Horrour.  as  an  account 
of  j)Ii}'sical  facts;  it  was  imper/ecty  because  it  was 
at  best  only  a  law  of  phenomena,  not  pointing  out 
any  physical  cause ;  and  it  was  rcrong,  because  i 
gave  an  unlimited  extent  to  the  effect.  Accord- 
ingly, it  led  to  mistakes.  Thus  Mersenne,  in  1644, 
speaks  of  a.  siphon  which  shall  go  over  a  mountain, 
being  ignorant  then  that  tlio  effect  of  isuch  an  in- 
struTuent  was  limited  to  a  height  of  thirty-four  feet, 
A  few  years  later,  however,  he  had  detected  this 
mistake;  and  in  his  third  volume,  published  in 
1647,  he  puts  his  siphon  in  his  emetidaiida,  and 
speaks  correctly  of  the  weight  of  air  as  supporting 
the  mercury  in  the  tube  of  TorrieelH.  It  was, 
indeed,  by  finding  this  horrour  of  a  vacuum  to  hav 
a  limit  at  the  height  of  thirty-four  feet,  that  th' 
true  principle  was  suggested.  It  was  discovered  that 
when  attempts  were  made  to  raise  water  higher' 
than  this,  nature  tolerated  a  vacuum  above  the 
water  which  rose.  In  1643^  TorrieelH  tried  to  pro- 
duce this  vacuum  at  a  smaller  height,  by  using, 
instead  of  water,  the  heavier  fluid,  quicksilver;  aa 
attempt  which  shows  that  the  true  explanation,  the 
balance  of  the  weight  of  the  water  by  another  pres- 
sure, had  already  suggested  itself.  Indeed,  this 
appears  from  other  evidence.  Galileo  had  already 
taught  that  the  air  has  weight;  and  Bahani,  writing 
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to  him  in  1630,  says',  "If  we  were  in  a  vacuum, 
the  weight  of  the  air  above  our  heads  would  be 
felt,"  Descartes  also  ajipcars  to  have  some  share 
io  this  discovery;  for,  iu  a  letter  of  the  date  of 
1631,  he  explains  the  suspension  of  mercury  in 
a  tube,  closed  at  top,  by  the  pressure  of  the  column 
of  air  reaching-  to  the  clouds. 

Still  men's  minds  wanted  confirmation  in  this 
view  I  and  they  found  such  confirmation,  when,  in 
1647,  Pascal  showed  practically,  that  if  we  alter 
the  length  of  the  superincumbent  column  of  air  by 
going  to  a  high  place,  we  alter  the  weight  which 
it  will  support.  This  celebrated  experiment  was 
made  by  Pascal  himself  on  a  church-steeple  in 
Paris,  the  column  of  mercury  in  the  Torricellian 
tube  being  used  to  compare  the  weights  of  the  air ; 
but  he  wrote  to  his  brother-in-law,  who  lived  near 
the  high  mountain  of  Puy  do  Dome  in  Auvergne, 
to  request  him  to  make  the  experiment  there, 
where  the  result  would  bo  more  decisive.  "You 
see,"  he  says,  *'  that  ii'  it  happeiis  that  the  height  of 
the  mercury  at  the  top  of  the  hill  be  less  than  at 
the  bottom,  (which  1  have  many  reasons  to  believe^ 
though  all  those  who  have  thought  about  it  are 
of  a  different  opinion,)  it  will  follow  that  the  weight 
and  pressure  of  tlie  air  are  the  sole  cause  of  this 
suspension,  and  not  the  horrour  of  a  vacuum :  since 
it  is  very  certain  that  there  is  more  air  to  weigh 
on  it  at  the  bottom   than   at  the  top ;   while   we 

*  11  riiilt  water's  Gaiitco,  p,  90. 
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cuiinut  nay  tliat  nature  abhors  a   vacuum   at  thj 
fiidt  tii'  a  mountain  murR  than  on  its  summit.'' 
M.  Pt'rrior,  Pascal's  correspondent,  made  the  obser 
vatioii  as  he  had  desired,  and  found  a  difference  of 
thri'<i  inclu?H  itfmorcury,  "which,"  he  gays,  "ravishe 
UN  with  aihniratioii  and  astonishment." 

When  tlie  least  obvious  case  of  the  operation 
the  prussuro  and  weight  of  fluids  had  thus  bee 
niftdR  out,  there  were  no  further  difficulties  in  thj 
pruHfi'Wi   of    the   theory    of   hydrostatics.      When 
limthLMuaticlans  bcpan   to  consider  more  general' 
cases  than  those   of  the  action   of  gravity,   there 
BTOM*  diftrn'iices  in  the  way  of  stating  the  appro- 
priato  principles:   but  none  of  these   differenceJ| 
imply  any  diffprent  conception  of  the  fundamental 
nAturr  of  Huid  eipiilibrium. 

TllR  art  of  ooibhictin^  water  in  pipes,  and  of  di 
teg  i<*  nH*tu>i»  fi>r  s-aritHis  purpoia«v  i?  rerr  ok 
Wfcon  tr^>ai<M  svstowjUiMUv,  it  has  been  termed' 
//j»»/rirW»i\*  .•  hut  ff^irv^ijutarnkv  ts  the  general^ 
mmo  «f  Iho  livtenn^  of  the  U«?:  of  the  molioiis  «|| 
RuhU  »iHt(T  tht«ac  tw  viHK>r  -"*•"—■*"•-  The 
Art  is  *!»  oM  **  iKe  <sMnmMic«Me«t  rf  dntiz&tioD  i 
the  S«'hSA«v  iKto  nr^  jmvwI  fc^hii  ifaui  tbe 
«f  N««VMS  ikhM^  «t«iMM)Kl«  «•  «mIi  srt|«i.'li..  were' 
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When  a  fluid  spouts  from  an  orifice  in  a  vessel, 
Csstelli  saw  that  the  velocity  of  offlux  depends  on 
the  depth  of  the  orifice  below  the  surface:  hut  he 
erroneously  judged  the  velocity  to  be  exactly  pro- 
portional to  the  depth.  Torrieelli  found  that  the 
tlaid.  under  the  inevitable  causes  of  defect  which 
occur  in  the  experiment,  would  spout  nearly  to  the 
heig-ht  of  the  surface :  he  therefore  inferred,  that 
the  full  velocity  i&  that  which  a  body  would  acquire 
in  falling  through  the  depth  ;  and  that  it  is  conse- 
quently proportional  to  the  sf^uare  root  of  the 
depth. — This,  however,  he  stated  only  as  a  result 
of  experience,  or  law  of  phenomena,  at  the  end  of 
of  his  treatise,  De  Motu  Naturaliter  Aceelerato, 
printed  in  1 G43. 

Newton  treated  the  subject  theoretically  in  the 
Prmcipia  (1(187) ;  but  we  must  allow,  as  Lagrange 
says,  that  this  is  the  least  satisfactory  passage  of 
that  great  work,  Newton,  having  made  his  experi- 
ments in  another  manner  than  Torrieelli,  namely, 
by  measuring  the  quantity  of  the  efflux  instead  of 
its  velocity,  found  a  result  inconsistent  with  that 
of  Torrieelli.  The  velocity  inferred  from  the  quan- 
tity dischaiged,  was  only  that  due  to  Ita^/  the  depth 
of  the  fluid. 

In  the  first  edition  of  the  Prmdpia\  Newton 
gave  a  train  of  reasoning  by  which  he  theoretically 
demonstrated  bis  own  result,  going  upon  the  prin- 
ciple, that  the  momentum  of  the  issuing  fluid  is 

'  B.  il.  Prop,  xxxTiI. 
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equal  to  the  momentum  which  the  column  ver 
cally  over  the  orifice  wo^lld  generate  bj  its  gravity 
But  TorriceUi's  experiments,  which  had  given  the 
Telocity  due  to  the   whole  depth,  were  continued 
on  repetition :  how  was  this  discrepancy  to  be  ei^^ 
plained  ?  ^| 

Newton  esplaJtied  the  discrepancy  hy  observing 
the  contraction  which  the  jet,  or  vein  of  water, 
undergoes,  just  after  it  leaves  the  orifice,  and  which 
he  called  the  vma  contracta.  At  the  orifice,  the 
velocity  is  that  due  to  half  the  height ;  at  the 
vena  contracta  it  is  that  duo  to  the  whole  height. 
The  former  velocity  regiolates  the  quantity  of  the 
disehai^e ;  the  latter,  the  path  of  the  jet.  ^1 

This  explanation  was  an  important  step  in  the 
subject:  but  it  made  Newton's  original  proof  ap- 
pear very  defective,  to  say  the  least.  In  the  second 
edition  of  the  Pi-incipia  (1714),  Newton  attacked 
the  problem  in  a  manner  altogether  different  irora 
hia  former  investigation.  He  there  assumed,  that 
when  a  round  vessel,  containing  fluid,  has  a  hole 
in  its  bottom,  the  descending  fluid  may  be  con- 
ceived to  be  a  conoidal  mass,  which  has  its  base 
at  the  surface  of  the  fluid,  and  its  narrow  end  at 
the  orifice.  This  portion  of  the  fluid  he  calls  t 
caianifi ;  and  supposes  that  while  this  part  d 
seends,  the  surrounding  [larts  remain  immovable, 
as  if  thoy  were  frozen;  in  this  way  he  finds  a 
result  agreeing  with  TorriceUi's  experiments  on^ 
the  velocity  of  the  efflux. 
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We  must  allow  tliat  the  assumptions  by  which 
this  result  is  obtained  are  somewhat  arbitrary ;  and 
those  wliich  Newton  introduces  in  attempting  to 
connect  the  problem  of  issuing-  fluids  with  that  of 
the  resistance  to  a  body  moving  in  a  fluid,  are  no 
less  so.  But  even  up  to  the  present  time,  mathe- 
maticians have  tiot  been  able  to  reduce  problems 
eoneeming  the  motions  of  fluids  to  mathematical 
principles  and  calculations,  without  introducing 
some  steps  of  this  arbitrary  kind.  And  one  of  the 
uses  of  experiments  on  this  subject  is,  to  suggest 
those  hypotheses  which  may  enable  us,  in  the  man- 
ner most  consonant  with  the  true  state  of  things, 
to  reduce  the  motions  of  fluids  to  those  general 
laws  of  mechanics,  to  which  we  know  they  must  be 
subject. 

Hence  the  science  of  the  Motion  of  Fluids,  un- 
like all  the  other  primary  departments  of  Mechanics, 
is  a  subject  on  which  we  still  need  experiments, 
to  point  out  the  fundamental  principles.  Many 
such  experiments  have  been  made,  with  a  \iew 
either  to  compare  the  results  of  deduction  and  ob- 
servation, or,  when  this  comparison  failed,  to  obtain 
purely  empirical  rules.  In  this  way  the  resist- 
ance of  fluids,  and  the  motion  of  water  in  pipes, 
canals,  and  rivers,  has  been  treated.  Italy  has 
possessed,  from  early  times,  a  large  body  of  eueh 
writers.  The  earlier  works  of  this  kind  have  been 
collected  in  sixteen  quarto  volumes.  Lecchi  and 
Michelotti  about  1765,  Bidone  more  recently,  have 
pursued  tlicse  inquiries.     UoKsut.   Buat,  Hachette, 


HISTORY    OF   MECHANICS. 


in  France,  have  laboured  at  the  same  task,  as  have 
Coulomb  and  Prony,  Glrard  and  Ponoelet.  Ejtel' 
wein's  German  treatise  {HydranUk),  contains  an  ac- 
count of  what  others  and  himself  have  done.  Many 
of  these  trains  of  experiments,  both  in  France  and 
Italy,  were  made  at  the  expense  of  government^ 
and  on  a  very  magnifiecnt  scale.  In  England  less 
was  done  in  this  way  during  the  last  century,  than 
in  most  other  countries.  The  Philosophical  Transac- 
tions, for  instance,  scarcely  contain  a  single  paper 
on  tliis  subject  founded  on  experimental  investiga- 
tions'. Dr.  Thomas  Young,  who  was  at  the  head  of  | 
his  countrymen  in  so  many  branches  of  science,  was 
one  of  the  first  to  call  back  attention  to  this :  and 
Mr.  Rennie  and  others  have  recently  made  valuable 
experiments.  In  many  of  the  questions  now  spoken 
of,  the  accordance  which  engineers  are  able  to 
obtain,  between  their  calculated  and  observed  re- 
sults, is  very  great :  hut  these  calculations  are  per- 
formed by  means  of  empirical  formula?,  which  do 
not  conDect  the  facts  with  their  causes,  and  still 
leave  a  wide  space  to  be  traversed,  in  order  to 
complete  the  science. 

In  the  mean  time,  all  the  other  portions  of 
Mechanics  were  reduced  to  general  laws,  and  ana- 
lytical processes;  and  means  were  found  of  includ- 
ing Hydrodynamics,  notwithstanding  the  difficulties 
which  attend  its  special  problems*  in  this  common 
improvement  of  form.  Thi.s  progress  we  must  now 
relate  (c). 

*  Rennie.  Report  to  Brif.  A  stoc. 
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CHAPTER   V. 

Genekalieation  of  tek  Principles  of  JIechanicb. 


6W.  1. — Geiti-raUzation  <^  the  Second  Law  of 
Motion. — Central  Forces. 

THE  Second  Law  of  Motion  being  proved  for 
Constant  Forces  which  act  iu  parallel  lines, 
ami  the  Tliird  Law  for  the  Direct  Action  of  bodies, 
it  still  required  ^eat  mathematical  talent,  and 
somp  inductive  power,  to  see  clearly  the  laws  which 
govern  the  motion  of  any  number  of  bodies,  acted 
upon  by  each  other,  and  by  any  forces,  anyhow 
varying  in  magnitude  and  direction.  This  was 
the  task  of  the  generalization  of  the  laws  of  mo- 
tion. 

Galileo  had  convinced  himself  that  the  velocity 
fif  projection,  and  that  which  gravity  alone  would 
produce,  are  "  both  maintained,  without  being 
altered,  perturbed,  or  impeded  in  their  raisture." 
U  is  to  be  observed,  however,  that  the  truth  of 
this  result  depends  upon  a  particular  circumstance, 
namely,  that  gravity,  at  all  points,  acts  iu  lines,, 
which,  as  to  sense,  are  parallel.  When  we  have 
to  consider  cases  in  which  this  is  not  true,  as  when 
the  force  tends  to  the  center  of  a  circle,  the  law 
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of  composition  cannot  be  applied  in  the  same  way;] 
and,    in   this    case,    mathematicians   were  met   bjr 
some  peculiar  difficulties.  , 

One  of  these  difficulties  arises  from  the  apparent 
inconsistency  of  the  statical  and  dyuamical  mea- 
suros  offeree.  "When  a  body  moves  in  a  circle,  the 
force  which  urges  the  body  to  the  center  is  only  aj 
tmdenfyji  to  motion;  for  the  body  does  not,  lu  fact, 
approach  to  the  center;  and  this  mere  tendency  to 
motion  is  combined  with  an  actual  motion,  which 
takes  place  in  the  circuni  fere  nee.  We  appear  to 
have  to  compare  two  things  which  are  heteroge- 
neous. Descartes  had  noticed  this  difficulty,  buti 
without  giving  any  satisfactory  solution  of  it'.  If  j 
we  combine  the  actual  motion  to  or  from  the  center 
with  the  transverse  motion  about  the  center,  we 
obtain  a  result  which  is  false  on  mechanical  prin- 
ciples, Galileo  endeavoured  in  this  way  to  find  the 
curve  described  by  a  body  which  falls  towards  thefl 
caith's  center,  and  is,  at  the  same  time,  carried 
round  by  the  motion  of  the  earth  ;  and  obtained  an 
erroneous  result.  Kepler  and  Femiat  attempted  I 
the  same  problem,  and  obtained  solutions  difiereut! 
from  that  of  Galileo,  but  not  more  correct. 

Even  Newton,  at  an  early  period  of  his  specu-I 
lations,  had   an  erroneous  opinion  respecting  this 
curve,  whicli  he  imagined  to  be  a  kind  of  spiral. 
llooke  animadverted  upon  this  opinion  when  it  was 
]aid  before  the  Royal  Society  of  London  in  1G79, , 

*  Princip.  V.  iii.  m. 
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and  stated,  more  truly,  that,  supposing  no  resist- 
nnee,  it  would  be  "  an  eccentric  ellipsoid,"  that  is,  a 
fi^re  resembling  an  ellipse.  But  though  he  had 
made  out  the  approximate  form  of  the  curve,  in 
some  unexplained  way,  we  have  no  reason  to  believe 
that  he  possessed  any  means  of  determining  the 
mathematical  properties  of  the  curve  described  in 
such  a  case.  The  perpetual  composition  of  a  cen- 
tral force  with  the  previous  motion  of  the  body, 
could  not  be  successfully  treated  without  the  con- 
sideration of  the  Doctrine  of  Limits,  or  something 
equivalent  to  that  doctrine.  The  first  exani()le 
which  we  have  of  the  right  solution  of  such  a  pro- 
blem occurs,  so  far  as  I  know,  in  the  Theorems  of 
Huyghons  concerning  Circular  Motion,  which  were 
published,  without  demonstration,  at  the  end  of  his 
Horoloi/iiiin  Oscillatorium,  in  1673.  It  was  there 
asserted  that  when  equal  bodies  describe  circles,  if 
the  times  are  equal,  the  coutrifugal  forces  will  be 
as  the  diameters  of  the  circles ;  if  the  velocities  are 
equal,  the  forces  will  be  reciprocally  as  the  diame- 
ters, and  so  on.  In  order  to  arrive  at  these  pro- 
positions, Huyghens  must,  virtually  at  least,  have 
applied  the  Second  Law  of  Motion  to  the  limiting 
elements  of  the  curve,  according  to  the  way  in  which 
N'ewton,  a  few  years  later,  gave  the  demonstration 
of  the  theorems  of  Uuyghens  in  the  Prlncipla,. 

The  growing  persuasion  that  tlic  motions  of  the 
heavenly  bodies  about  the  sua  might  be  explained 
by  the  action  of  central  forces,  gave  a  peculiar 
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interest  to  these  mechanical  speculations,  at  the 
period  now  under  review.  Indeed,  it  is  not  easy  to 
state  separately,  a^  our  present  object  requires  us 
to  do.  the  progress  of  Mechanics,  and  the  jirogress 
of  Astronomy.  Yet  the  distinction  which  we  have 
to  make  is,  in  its  nature,  sufficiently  marked.  It  is, 
in  fact,  no  less  marked  than  the  distinction  hetweea 
speaking  logically  and  speaking  truly.  The  f'ramers 
of  the  science  of  motion  were  employed  in  esta- 
blishing those  notions,  names,  and  rules,  in  con- 
formity to  which  all  mechanical  trutJi  tiiust  be  ex- 
pressed; but  what  tsas  the  truth  with  regard  to  the 
meebanisni  of  the  universe  remained  to  be  deter- 
mined by  other  means.  Physical  Astronomy,  at 
the  period  of  which  we  speak,  eclipsed  and  over- 
laid theoretical  Mechanics,  as,  a  little  previously, 
Dynamics  had  eclipsed  and  superseded  Statics. 

The  laws  of  variable  force  and  of  curvilinear 
motion  were  not  much  pursued,  till  the  invention 
of  Fluxions  and  of  the  Differential  Calculus  again 
turned  men's  minds  to  these  subjects,  as  easy  and 
interesting  exercises  of  the  powers  of  these  new 
methods.  Newton's  Principm,  of  which  the  first 
two  Books  are  piirely  dynamical,  is  the  great  ex- 
ception to  this  assertion ;  inasmuch  as  it  contains 
correct  solutions  of  a  great  variety  of  the  most 
general  problems  of  the  science ;  and,  indeed,  is, 
even  yet,  one  of  the  most  complete  treatises  which 
we  possess  upon  the  subject. 

We  have  seen  that  Kepler,  in  his  attempts  to 
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explain  the  curviliuear  motions  of  the  planets  by 
means  of  a  central  force,  failed,  iu  consequence  of 
his  belief  that  a  continued  transverse  action  of  the 
central  body  was  requisite  to  keep  up  a  continual 
motion.  Galileo  had  founded  his  theory  of  pro- 
jectiles on  the  principle  that  such  an  action  was  not 
necessary ;  yet  Borelli,  a  pupil  of  Galileo,  when,  in 
1666.  he  published  his  theory  of  the  Mediecan  Stars 
(the  satellites  of  Jupiter),  did  not  keep  quite  clear 
of  the  same  errours  which  had  vitiated  Kepler's 
reasonings.  In  the  same  way,  though  Descartes  is 
sometimes  spoken  of  as  the  first  promulgator  of  the 
First  Law  of  Motion,  yet  his  theory  of  Vortices 
must  have  been  mainly  suggested  by  a  want  of  an 
entire  confidence  in  that  law.  When  he  represented 
the  planets  and  satellites  as  owing  their  motions  to 
oceans  of  fluid  difllised  through  the  celestial  spaces. 
and  constantly  whirling  round  the  central  bodies, 
he  must  have  felt  afraid  of  trusting  the  planets  to 
Ihe  operation  of  the  laws  of  motion  in  free  space. 
Sounder  physical  philosophers,  however,  began  to 
perceive  the  real  nature  of  the  question.  As  early 
as  10G6,  we  read,  in  the  Journals  of  the  Royal  So- 
ciety, that ''  there  was  read  a  paper  of  Mr.  Hooke  s, 
explicating  the  inflexion  of  a  direct  motion  into  a 
curve  by  a  supervening  attractive  principle ;"  and 
before  the  publication  of  the  Pnncipia  in  1687, 
lluyghens,  as  we  have  seen,  in  Holland,  and,  in  our 
own  countrj'.  Wren,  Halley.  and  Hooke,  had  made 
some  progress  in  the  true  mechanics  of  circular 
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motion',  and  had  distinctly  contemplatGd  the  pro- 
blem of  the  njotion  of  a  body  m  an  ellipse  by  a 
central  force,  though  they  could  not  solve  it.  Hal- 
ley  went  to  Cambridge  in  1684\  for  the  express 
purpose  of  consulting  Newton  upon  the  subject  of 
the  production  of  the  elliptical  motion  of  the  planets 
by  means  of  a  central  force,  and,  on  the  1  (Hh  of 
December^  announced  to  the  Royal  Society  that  he 
had  seen  Mr.  Newton's  book,  De  Motu  Corponim. 
The  feeling  that  mathematicians  were  on  the  brink 
of  discoveries  such  as  are  contained  in  this  work 
was  so  strong,  that  Dr.  Halley  was  requested  to 
remind  Mr.Newton  of  his  promise  of  entering  them 
in  the  Register  of  the  Society,  "for  securiing  the 
invention  to  himself  till  such  time  as  he  can  be 
at  leisure  to  publish  it."  The  manuscript,  with  the 
title  Philosophic  Natnralis  Principia  Mathematical 
was  presented  to  the  society  (to  which  it  was  dedi- 
cated,) on  the  28th  of  April,  1686,  Dr.  Vincent, 
who  presented  it,  spoke  of  the  novelty  and  dignity 
of  the  subject;  and  the  president  (Sir  J.  Hoskins) 
added,  with  great  truth,  "that  the  method  was  so 
much  the  more  to  be  prized  as  it  was  both  invented 
and  perfected  at  the  same  time," 

The  reader  will  recollect  that  we  are  here 
speaking  of  the  Principia  as  a  Mechanical  Treatise 
only;  we  shall  afterwards  have  to  consider  it  as 
containing  the  greatest  discoveries  of  Physical  As- 


'  NiL'wt  Princip.  Schol,  to  Prop.  iv. 

'  Sir  D.  BrewBkr's  Life  of  NopI.  p.  IM. 
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tronomy.  As  a  work  on  Dynamics,  its  merit  is, 
that  It  exhibits  a  woiiderfiil  store  of  refined  and 
beautiful  mathematical  artifices,  applied  to  eoive  all 
the  most  general  problpnis  which  the  subject  offered. 
The  Pfittdpia  can  hardly  be  said  to  contain  any 
new  Inductive  discovery  respecting  the  principles  of 
mechanics;  for  though  Newton's  Aorimns  or  Laws 
of  Motixrth  which  stand  at  the  beginning  of  the 
liook.  are  a  much  clearer  and  more  general  state- 
ment of  the  grounds  of  Mechanics  than  had  yet 
appeared,  they  do  not  involve  any  doctrines  which 
had  not  been  previously  stated  or  taken  for  granted 
by  other  mathematicians. 

The  work,  however,  besides  its  unrivalled  mathe- 
matical skilL  employed  in  tracing  out,  deductively, 
the  consequences  of  the  laws  of  motion,  and  its 
great  cosmical  discoveries,  which  we  shall  hereafter 
treat  of,  had  great  philosophical  value  in  the  history 
of  Dynamics,  as  exhibiting  a  clear  conception  of  the 
new  character  and  functions  of  that  science.  In  his 
Preface,  Newton  says.  "  Rational  mechanics  must  he 
the  science  of  the  motions  which  result  from  any 
forces,  and  of  the  forces  which  are  required  for  any 
motions,  accurately  propounded  and  demonstrated. 
For  many  things  induce  me  to  suspect,  that  all 
natural  phenomena  may  depend  upon  some  forces 
by  which  the  particles  of  bodies  are  either  drawn 
towards  each  other,  and  cohere,  or  repel  and  recede 
from  each  other:  and  these  forces  being  hitherto 
unknown,   philosophers    have    pursued    their   re- 
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searches  in  Tain.     And  I  hope  that  the  principles 
expounded  in  this  work  will  aiford  some  lightjH 
either  to  this  mode  of  philosophizing,  or  to  some 
mode  which  is  more  true." 

Before  we  pursue  this  subject  further,  we  mu 
trace  the  remainder  of  the  history  of  the  Third  Law 
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Sect.  2. — Generalization  of  the  Third  Lap!  o^  Mo-^^ 
Hon. — Center  of  Oscillation.— Huifph^ns. 

TiiE  Third  Law  of  Motion,  whether  expressed  ao] 
cording  to  Newton's  formula,  by  the  equality 
Action  and  Reaction,  or  in  any  other  of  the  waj 
employed  about  the  same  time,  easily  gave  the 
lutiou  of  mechauical  probleins  in  al!  cases  of  dtret 
action;  that  is,  when  each  body  acted  directly  oi 
others.  But  there  still  remained  the  problems  ii 
which  the  action  is  itidirect; — when  bodies,  ii 
motion,  act  on  each  other  by  the  intervention 
levers,  or  in  any  other  way.  If  a  rigid  rod,  passing 
through  two  weights,  be  made  to  swing  about  itsH 
upper  point,  so  as  to  form  a  pendulum,  each  weight 
will  act  and  react  on  the  other  by  means  of  the  rod, 
considered  as  a  lever  turning  about  the  point  of 
suspension.  What,  in  this  case,  will  be  the  effect  of 
this  action  and  reaction  ?  In  what  time  will  th^| 
pendulum  oscillate  by  the  force  of  gravity  ?  Where 
is  the  point  at  which  a  single  weight  must  be  placf 
to  oscillate  in  the  same  time?  in  other  words,  whei 
is  the  Center  <if  OsrifJafion  f 
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Such  was  the  problem, — an  example  only  of  the 
general  probleni  of  indirect  action, — which  mathe- 
maticians had  to  solve.  That  it  was  by  no  means 
easy  to  see  in  what  manner  th^  law  of  the  commu- 
nication of  motion  was  to  be  extended  from  simpler 
cases  to  those  where  rotatory  motion  was  produced, 
is  shown  by  this; — that  Newton,  in  attempting  to 
solve  the  mechanical  problem  of  the  Precession  of 
the  Equinoxes,  fell  into  a  serious  errour  oq  this 
very  subject.  He  assumed  that,  when  a  part  has  to 
communicate  rotatory  movement  to  the  whole,  (as 
the  protuberant  portion  oi"  the  terrestrial  spheroid, 
attracted  by  the  sun  and  moon,  communicates  a 
small  movement  to  the  whole  mass  of  the  earth,)  the 
quantity  of  the  motion,  "motus,"  will  not  be  altered 
by  being  communicated.  This  principle  is  true,  i£, 
by  motion,  we  understand  what  is  called  mojitent  of 
inertia,  a  quantity  in  which  both  the  velocity  of 
each  particle  and  its  distance  from  the  axis  of  rota- 
tion are  taken  into  account :  but  Newton,  in  his 
Iculations  of  its  amount,  considered  the  velocity 
euly ;  thus  making  motion,  in  this  ease,  identical 
with  the  momentum  which  he  introduces  in  treating 
of  the  simpler  ease  of  the  third  law  of  motion,  when 
the  action  is  direct.  This  errour  was  retained  even 
in  the  later  editions  of  the  PrincipiaK 

The  question   of  the  center  of  oscillation  had 
been  proposed  by  Mersenne  somewhat  earlier",  in 
And  though  the  problem  was  ont  of  the 
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reach  of  any  principles  at  that  time  known  and 
understood,  some  of  the  mathematicians  of  the 
day  had  rightly  solved  some  cases  of  it,  by  pro- 
ceeding as  if  the  question  had  been  to  find  the 
Center  of  Pei'cu^sion.  The  Center  of  Percussion  is 
the  point  ahout  which  the  momenta  of  all  the  parts 
of  a  body  balance  each  other,  wlieii  it  is  in  motion 
about  any  axis,  and  is  stopped  by  striking  against 
an  obstacle  placed  at  that  center,  Roberval  found 
this  point  in  some  easy  cases;  Descartes  also  at- 
tempted the  problem ;  their  rival  labours  led  to  aD 
angry  controversy:  and  Descartes  uas,  as  in  his 
physical  speculations  be  oflen  was,  very  presump- 
tuous, though  not  more  than  half  right. 

Huyghens  was  hardly  advanced  beyond  boyhood 
when  Mersenne  first  proposed  this  problem ;  and 
as  he  says"*,  could  see  no  principle  which  even 
offered  an  opening  to  the  solution,  and  had  thus 
been  repelled  at  the  threshold.  When,  however, 
he  published  his  Horoioffkim  OsciUatorium  in  1673. 
the  fourth  part  of  that  work  was  on  the  Center  of 
Oscillation  or  Agitation ;  and  the  principle  which 
he  then  assumed,  though  not  so  simple  and  self- 
evident  as  those  to  which  such  problems  were  after- 
wards referred,  was  perfectly  correct  and  general, 
and  led  to  exact  solutions  in  all  cases.  The  reader 
has  already  seen  repeatedly  in  the  course  of  this  his- 
tory, complex  and  derivative  principles  presenting 
themselves  to  men's  minds  before  simple  and  elemeii" 

'  Hot.  0»c.  Prof. 
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tary  ones.  The  "  hypothesis"  assumed  by  Huyghens 
was  this;  ''that  if  any  weights  are  put  in  motion 
by  the  force  of  gravity,  they  mn  not  move  so  that 
the  center  of  gravity  of  them  all  shall  rise  hiijher 
than  the  place  from  which  it  descended."  This 
being  assumed,  it  is  easy  to  show  that  the  center 
of  gravity  will,  under  all  circumstances,  rise  as 
high  as  its  original  poi^ttion ;  and  this  consideration 
leads  to  a  determination  of  the  oscillation  of  a 
compound  pendulum.  We  may  observe,  in  the 
principle  thus  selected,  a  conviction  that,  in  all 
mechanical  action,  the  center  of  gravity  may  be 
taken  as  the  representative  of  the  whole  system. 
This  conviction,  as  we  have  seen,  may  be  traced 
in  the  axioms  of  Archimedes  and  Stevinus ;  and 
Huyghens.  when  he  proceeds  upon  it,  undertaJtos 
to  show',  that  he  assumes  only  this,  that  a  heavy 
body  cannot,  of  itself,  move  upwards. 

Clear  as  Huyghenss  principle  appeared  to  him- 
sclt  it  was.  after  some  time,  attacked  by  the  Abbd 
Catelan,  a  zealous  Cartesian.  Catelan  also  put 
forth  principles  which  he  conceived  were  evident 
and  deduced  from  them  conclusions  contradictory 
to  those  of  Huyghens.  His  principles,  now  that 
we  know  thero  to  be  false,  appear  to  us  very  gra^ 
tuitous.  They  are  these;  -'that  in  a  compound 
|>enduluni,  the  sum  of  the  velocities  of  the  com* 
ponent  weights  is  equal  to  the  sum  of  the  velocities 
which  they  would  have  ac(|uired  if  they  had  been 
•  Hor.Oxc.  p,  121. 
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detached  pendulums;"  and  "that  the  time  of  the 
vibration  of  a  compound  pendulum  is  an  arithmetic 
mean  between  the  times  of  the  vibrations  of  the 
weights,  moring  as  detached  pendulums."  Huy- 
ghens  easily  showed  that  these  suppositions  would 
make  the  center  of  gravity  ascend  to  a  greater 
height  than  that  from  which  it  fell ;  and  after  some 
time,  James  Bernoulli  stept  into  the  arena,  and 
ranged  liimself  on  the  side  of  Huyghens.  As  the 
discussion  thus  proceeded,  it  began  to  be  seen 
that  the  question  really  was,  in  what  manner  the 
Third  Law  of  Motion  was  to  be  extended  to  cases 
of  indirect  action ;  whether  by  distributing  the 
action  and  re-action  according  to  statical  principles, 
or  in  some  other  way.  '*  I  propose  it  to  the  con- 
sideration of  mathematicians,"  says  Bernoulli  ia 
1686,  "what  law  of  the  communication  of  velocity 
is  observed  by  bodies  in  motion,  which  are  sus- 
tained at  one  extremity  by  a  fixed  fulcrum,  and 
at  the  other  by  a  body  also  moving,  but  more 
slowly.  Is  the  excess  of  velocity  which  must  be 
communicated  from  the  one  body  to  the  other  to 
be  distributed  in  the  same  proportion  in  which  a 
load  supported  on  the  lover  would  be  distributed  '(" 
He  adds,  that  if  this  question  be  answered  in  the 
affirmative,  Huyghens  will  be  found  to  be  in  errour; 
but  this  is  a  mistake.  The  principle,  that  the  action 
and  re-action  of  bodies  thus  moving  are  to  be 
distributed  according  to  the  rules  of  the  lever,  is 
true ;    but  Bernoulli   mistook,  in  estimating  tl 
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action  and  re-action  hy  the  vetodtp  acquired  at  any 
moment;  instead  of  taking,  as  he  should  have  done, 
the  increment  of  velocity  which  gravity  tended  to 
impress  in  the  next  instant.  This  was  shown  by 
the  Marquis  de  I'HSpital;  who  adds,  with  justice, 
-I  conceive  that  I  have  thus  fully  answered  the 
cail  of  Bernoulli,  when  he  says,  I  propose  it  to 
the  consideration  of  mathematicians,  &c." 

We  may,  from  this  time,  eonsider  as  known, 
but  not  as  fully  established,  the  principle  that 
"  When  bodies  in  motion  aflFcct  each  other,  the 
acrtion  and  re-action  are  distributed  according  to 
the  laws  of  statics ;"  although  there  were  still  found 
occasional  difficulties  in  the  generalization  and  ap- 
plication of  the  rule.  James  Bernoulli,  in  1703, 
gave  a  "general  demonstration  of  the  Center  of 
Oscillation,  drawn  from  the  nature  of  the  lever." 
In  this  demonstration*  he  takes  as  a  fundamental 
principle,  that  bodies  in  motion,  connected  by  levers, 
balance,  when  the  products  of  their  momenta  and 
the  lengths  of  the  levers  are  equal  in  opposite 
directions.  For  the  proof  of  this  proposition,  he 
jfefers  to  Marriotte,  who  had  asserted  it  of  weights 
ing  by  percussion'",  and  in  order  to  prove  it, 
had  balanced  the  effect  of  a  weight  on  a  lever  by 
the  effect  of  a  jet  of  water,  and  had  confirmed  it 
by  other  experiments".  Moreover,  says  Bernoulli,^ 
there  is  no  one  who  denies  it.  Still,  this  kind  of 
jof  was  hardly  satliifaetory  or  elementary  enough. 
930.     "'  Choq.  de»  C«rpi.  p.  296.     "  lb.  Prop.  xi. 
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John  neruoulli  took  up  the  subject  after  the  death 
of  his  brother  James,  which  happened  in  17U6. 
The  fonnrr  published  in  1714  his  Mr^Jitntio  de 
naturd  Centrl  OticUUitionis.  In  this  memoir,  he 
assumeii,  as  his  brother  had  done,  that  th^  effects 
of  forces  on  a  lever  in  motion  are  distributed  ac- 
cording to  the  commott  rules  of  the  lever".  The 
priiiicipal  genera lizat ion  which  he  introduced  was, 
that  he  considered  <p-avity  as  a  force  soliciting  to 
motion,  which  might  have  diiferent  intensities  in 
different  bodies.  At  the  same  time,  Brook  Taylor 
in  England  solved  the  problem,  upon  the  aamc 
principles  as  Bernoidii;  and  the  question  of  priority 
on  this  subject  was  one  point  in  the  ang^  inter- 
course which,  about  this  tim'O,  became  common 
bi'tweiMi  tlio  English  mathematicians  and  those  of 
the  continent.  Ilennann  also,  in  his  Phorojwmi«y 
publishiHl  in  1716,  gave  a  proof  which,  as  he 
informs  us^  ho  had  doviscd  before  he  saw  John  Ber- 
noulli's. This  proof  is  founded  on  the  statical  equi- 
vaWnce  of  the  "stJu-itatuma  of  ffraritis"  and  the 
"  pictiHoHg  stiiicitatiotu^"  which  correspond  to  the 
actual  niotitiu  of  each  |iart ;  or.  as  it  has  been  ex- 
pivssed  by  niori-  modern  writers,  the  equilibrium 
of  tlio  impr«s»6d  aud  e^ettire/^tcei. 

It  was  sliown  by  John  BcroouUi  and  IlennaDn. 
wnd  «-ii$  indiHHl  easily  provi^l.  tliat  the  propoeition 
af«umotl  by  lluyglions  as  the  foundation  of  his  solu- 
tion, was  io  fACt,  a  eoiisequi^uoe  of  the  elementary 
"p.  ITS. 
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principles  whieh  belong  to  this  branch  of  lueebanics. 
But  this  assumption  of  Hujgheus  was  an  example 
of  a  more  general  proposition,  which  by  sorae 
mathematicians  at  this  time  had  been  put  forward 
as  an  original  and  elementary  law;  and  as  a  prin- 
ciple which  ought  to  supersede  the  usual  measure 
of  the  forces  of  bodies  in  motion;  this  principle 
they  called  *^the  Comerration  of  Vis  Vim"  The 
attempt  to  make  this  change  was  the  commence- 
ment of  one  of  the  most  obstinate  and  curious  of 
the  controversies  whieh  form  part  of  the  history 
of  mechaaical  science.  The  celebrated  Leibnitz 
wag  the  author  of  the  new  opinion.  In  168C,  he 
published,  in  the  Leipsic  Acts,  "A  short  Demon- 
stration of  a  memorable  Errour  of  Descartes  and 
others,  concerning  the  natural  law  by  whieh  they 
think  that  God  always  prescr\es  the  same  quantity 
of  motion ;  in  which  they  pervert  mechanics,"  The 
principle  that  the  same  quantity  of  motion,  and 
tho^refore  of  moving  force,  is  always  preserved  in 
the  world,  follows  from  the  equality  of  action  and 
re-action;  though  Descartes  had,  after  his  fashion, 
given  a  theological  reason  for  it;  Leibnitz  allowed 
that  the  quantity  of  moving  force  remains  always 
the  same,  but  denied  that  this  force  is  mea&ured 
by  the  quantity  of  motion  or  momentum.  He 
maintained  that  the  same  force  is  requisite  to  raise 
a  weight  of  one  pound  through  four  feet,  and  a 
weight  of  four  pounds  through  one  foot,  though 
the  momenta  in  this  case  are  as  one  to  two.    This 
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was  answered  by  the  Abb^  de  Conti;  who  trulyl 
ubserved,  that  allowing  the  effects  in  the  two  cases 
ti)  be  Cfjual.  this  did  not  prove  the  forces  to  be 
equal ;  since  the  effect^  in  the  first  case,  was  pro- 
duced in  a  double  time,  and  therefore  it  was  quite' 
consistent  to  suppose  the  force  only  half  as  great. 
Leibnitz,  however,  persisted  in  his  innovation ;  and 
in   !(fOo  laid   down  the   distinction  between  -rires 
/twHuw,  or  pressures,  and  vires  cira*,  the   name- 
he  gave  to  his  own  measure  of  force.     lie  kept 
up  &  correspondence  with  John  Bernoulli,  whom 
he  converted  to  bis  peculiar  opinions  on  this  sub- 
ject; or  rather^  as  Bernoulli  savs'\  made  him  think 
for  liimseli^  whieh  ended  in  his  proving  directly  ^d 
that  which  Leibnitz  had  defended  by  indirect  rea-  ^1 
sons.     Among  other  arguments,  he  had  pretended ,, 
to  show   (what  is  certainly  not  true.,)  that  if  the 
common  measure  of  forces  be  adhered  to,  a  per- 
petual motion  would  be  jiossible.     It  is  easy  to 
collect    iiirtiiy    coses    which   admit   of   beiDg   very 
simply  uttd  conveniently  reasoaed  upon  by  means 
of  the  Tts  rira^  that  is,  by  taking  the  force  to  be 
proportional  to  the  ifffiuirt  of  the  velocity,  and  not  ^ 
to  the  \  elLK'ity  \ise\t     Thus*  in  order  to  give  the  ^M 
arrow  /jrtod  the  velocity,  the  bow  must  he  Jour 
linu^  as  tiitKvug;  aiid  in  all  cases  m  which  no  ac- 
itnint  i$  taken  of  the  time  of  producing  the  efiect, 
we  may  ixmveiiienlly  use  simiUr  methods. 
Uut  it  was  uut  till  a  Uter  period  that 
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()iu»'Stioii  excited  any  general  notice.  The  Academy 
of  Sciences  of  Paris  in  1724  proposed  as  a  subjcpt 
for  their  prize  dissertation  the  laws  of  the  impact 
of  bodios.  Benioulli,  as  a  competitor,  wrote  a  trea- 
tise, upon  Leibnitzian  principles,  which,  though  not 
honoured  with  the  prize,  was  printed  by  the  Aca- 
demy with  commendation".  The  opinions  which 
he  here  defended  and  illustrated  were  adopted  by 
several  mathematicians;  the  controversy  extended 
from  the  mathomatica]  to  the  literary  world,  at 
that  time  more  attentive  than  usual  to  mathema- 
tical disputes,  in  consequence  of  the  great  struggle 
then  going  on  between  the  Cartesian  and  the  New- 
tonian system.  It  was,  however,  obvious,  that  by 
this  time  the  interest  of  the  question,  so  far  as  the 
progress  of  dynamics  was  concerned,  was  at  an 
end ;  for  the  combatants  all  agreed  as  to  the  re- 
sults iu  each  particular  case.  Tlie  Laws  of  Motion 
were  now  established ;  and  the  question  was,  by 
means  of  what  definitions  and  abstractions  could 
they  be  best  expressed; — a  metaphysical,  not  a 
physical  discussion,  and  therefore  one  in  which  "the 
paper  philosophers,"  as  Galileo  called  them,  could 
bear  a  part.  In  the  first  volume  of  the  Triins(K:tion9 
of  the  Academif  of  Si.  Petsrsburgh,  published  in 
1728,  there  are  three  Leibnitzian  memoirs  by  Her- 
mann, Bullfinger,  and  Wolff.  In  England,  Clarke 
was  an  angry  assailant  of  the  German  opinion, 
which  S'Grave&aniie  maintained.  In  France,  Mairan 
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attacked  the  vis  mxa  in  1728;  "with  strong  and 
victorious  reasons,"  as  the  Marquise  du  Chatelet  de- 
clared, in  the  first  tdition  of  her  Treatise,  on  Fire^\ 
But  shortly  after  this  praise  was  published,  the 
Chateau  de  Cirey.  where  the  Marquise  usuallj  lived, 
bec^ne  a  school  of  LeLbuitzian  opinions,  and  the 
resort  of  the  principal  partisans  of  the  vis  vita. 
"  Soon,"  observes  Mairan,  "  their  langu^e  was 
changed ;  the  vis  mva  was  enthroned  by  the  side  of 
the  mmuidsy  The  Marquise  tried  to  retract  or  ex- 
plain away  lier  praises;  she  urged  arguments  on  the 
other  side.  Still  the  question  was  not  decided ; 
even  her  friend  Voltaire  was  not  converted.  In 
1741  he  read  a  memoir  On  the  Measure  and  Na- 
ture of  Moving  Forces,  in  which  he  maintained 
the  old  opinion.  Finally.  D'Alembert  in  1743  de- 
clared it  to  be,  as  it  truly  was,  a  mere  question 
of  words;  and  by  the  turn  which  Dynamics  then 
took,  it  ceased  to  be  of  any  possible  interest  or  im- 
portance to  mathematicians. 

The  representation  of  the  laws  of  motion  and  of 
the  reasonings  depending  on  them,  iu  the  most 
general  form,  by  means  of  analytical  language,  can- 
not be  said  to  have  been  fully  achieved  till  the  time 
of  D'Alembert;  but  as  we  have  already  seen,  the 
discovei^  of  these  laws  had  taken  place  somewhat 
earlier;  and  that  law  which  is  more  particularly 
expressed  in  D'Alembert's  Principle  {the  equalitp 
of  tiiQ  action  ffuiued  and,  lost)  was,  it  has  been 
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seen,  rather  led  to  hy  the  g-eneral  current  of"  the 
reasoning  of  mathematicians  about  the  end  of  the 
seveuteenth  centurjr  than  discovered  by  any  one. 
Huyghens,  Marriotte.  the  two  BemouUis,  L'H6pital, 
Taylor,  and  Hermann,  have  each  of  them  their 
uamc  in  the  history  of  this  advance ;  but  we  cannot 
aseribe  to  any  of  them  any  great  real  inductive 
sagacity  shown  in  what  they  thus  contributed,  ex- 
cept to  Huyghens,  who  first  seized  the  principle 
Id  such  a  form  as  to  iind  the  Center  of  Oscillation 
by  means  of  it.  Indeed,  in  the  steps  taken  by  the 
others,  language  itself  had  almost  made  the  geno- 
falization  for  them  at  the  time  when  they  wrote ; 
and  it  required  no  small  degree  of  acutetiess  and 
care  to  distinguish  the  oM  cases,  in  which  the  law 
had  already  been  applied,  from  the  new  cases,  in 
which  they  had  to  apply  it. 
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CHAPTER    VI. 

Sequel  of  the  Generalization  of  the  Principles 
OF  Mechanics.— Period  of  Mathematical  De- 
duction.— Analytical  Mechajjics. 


WE  have  now  finished  the  history  of  the  dis- 
covery of  Mechanical  Principles^  strictly  so 
called.  The  three  Laws  of  Motion,  generalized  in 
the  manner  we  have  described,  contain  the  mate- 
rials of  the  whole  structure  of  Mechauics;  and  in 
the  remaining  progress  of  the  science,  we  are  led  to 
no  new  truth  which  was  not  Implicitly  involved  in 
those  previously  known.  It  may  he  thought,  there- 
fore, that  the  narrative  of  this  progress  is  of  com- 
paratively finiall  interest.  Nor  do  we  maintain  that 
the  application  antl  developement  of  principles  is  a 
matter  of  so  much  importance  to  the  philosophy  of 
science,  as  the  advance  towards  and  to  them.  Still, 
there  are  many  circumstances  in  the  latter  stages  of 
the  progress  of  the  science  of  Mechanics^  which  well 
deserve  notice;  and  make  a  rapid  survey  of  that 
part  of  its  historj-  indispensable  to  our  purpose. 

The  Laws  of  Motion  are  expressed  in  terms  of 
space  and  number;  the  developement  of  the  conse- 
quences of  these  la«^  must,  therefore,  bo  performed 
by  means  of  the  reasonings  of  mathematics;  and 
the  science  of  Mechanics  may  assume  the  various 


SEQUEL  OF  THE  GENEBALIZATION 


93 


a.^pects  which  belong  to  the  diiferent  mwles  of  deal- 
ing with  mathematical  fiuantities.  Sleehanics  may. 
like  pure  mathematics,  be  geometrical  or  analyti- 
cal ;  that  is,  it  may  treat  space  by  a  direct  consi- 
deration of  its  properties,  or  by  a  s^Tiibolical  repre- 
sentation of  them  :  mechanics,  like  pure  mathema- 
tics, may  proceed  from  special  eases,  to  problems 
and  methods  of  extreme  generality;^ — may  summon 
to  its  aid  the  curious  and  refined  relations  of  sym- 
metry, by  which  general  and  complex  conditions 
are  simplified ; — may  become  more  powerful  by  the 
discovery  of  more  powerful  analytical  artifices; — 
may  even  have  the  generality  of  its  principles  fur- 
ther expanded,  inasmuch  as  symbols  are  a  more 
general  language  than  words.  We  shall  very  briefly 
notice  a  series  of  modifications  of  this  kind. 

1.  GeoTuetriml  Mechanics,  Nevetm,  i§c.— The 
first  great  systematical  Treatise  on  Mechanics,  in 
the  most  general  sense,  is  the  two  first  Books  of  the 
Principia  of  Newton.  In  this  work,  the  method 
employed  is  predominantly  geometrical :  not  only 
VpAce  is  not  represented  symbolically,  or  by  refer- 
ence to  number ;  but  numbers,  as,  for  instance, 
those  which  measure  time  and  force,  are  repre- 
sented by  spaces;  and  the  laws  of  their  changes  are 
indicated  by  the  properties  of  curve  lines.  It  is 
well  known  that  Newton  employed,  by  preferenee, 
methods  of  this  kind  in  the  exposition  of  his  theo- 
rems, even  where  he  had  made  the  discovery  of 
them  by  analytical  calculations.     The  intuitions  of 
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space  appeared  to  him.  as  they  have  appeared  to 
many  of  his  followers,  to  be  a  more  clear  and  satis- 
factory road  to  knowledge,  than  the  operations  of 
symbolical  language.  Hermann,  whose  P/ior&tm- 
viia  was  the  next  great  work  on  this  subject,  pur- 
sued a  like  course;  employing  curves,  which  he 
calls  "the  scale  of  velocities,"  "of  forces,"  &c. 
Methods  nearly  similar  were  employed  by  the  two 
first  Bcrnoullis,  and  other  mathematicians  of  that 
period ;  and  were,  indeed,  so  long  familiar,  that  the 
influence  of  them  may  still  be  traced  in  some  of  the 
terms  which  are  used  on  such  subjects;  as,  for 
instance,  when  we  talk  of  "reducing  a  problem  to 
quadratures,"  that  is.  to  the  finding  the  area  of  the 
curves  employed  in  these  methods. 

2.  AnahitiaTl  Mechanics.  Eider. — As  analysis 
was  more  cultivated,  it  gained  a  predominancy  over 
geometry ;  being  found  to  be  a  far  more  powerful 
instrument  for  obtaining  results ;  and  possessing  a 
beauty  and  an  evidencej  which,  though  different 
from  those  of  geometry,  had  great  attractions  for 
minds  to  which  they  became  familiar.  The  person 
who  did  most  to  give  to  analysis  the  generality  and 
symmetry  which  are  now  its  pride,  was  also  the 
person  who  made  Mechanics  analytical ;  I  mean 
Euler.  Ue  began  his  execution  of  this  task  in 
various  memoirs  which  appeared  In  the  Trannao- 
iimig  of  the  Acttdrmtf  qf  Sciences  trl  SLPitfTshtirgh. 
commencing  with  its  earHest  volumes ;  and  in  1 736, 
he  published  there  his  Mfdtanicv,  of  the  Srienr^ 
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<^  Motion  analytidiily  e^vp&ttnded ;  in  the  way  of  a 
SuppUmient  to  the  Tronsaeti^is  qf  the  Imperial 
Acfuieniif  of  Sciences,  In  the  preface  to  this  work, 
he  sa^s,  that  though  the  solutions  of  problems  by 
Newton  and  Hermann  were  fjuitii  satisfactory,  yet 
be  found  that  hq  had  a  difficulty  in  applying  them 
to  new  problems,  differing  little  from  theirs ;  and 
that,  therefore,  he  thought  it  would  bo  useful  to 
extract  an  analysis  out  of  their  synthesis. 

3.  Medtanical  Problems. — In  reality,  howcfer, 
Eoler  has  done  much  more  than  merely  give  analy- 
tical methods,  which  may  be  applied  to  mechanical 
problems :  he  has  himself  applied  such  methods  to 
an  immense  number  of  cases.  His  transcendent 
mathematical  powers,  his  long  and  studious  life, 
and  the  interest  with  which  he  pursued  the  subject, 
led  him  to  solve  an  almost  inconceivable  number 
and  variety  of  mechanical  problems.  Sueh  problems 
suggested  themselves  to  him  on  all  occasions.  One 
of  his  memoirs  begins^  by  stating  that,  happening  to 
think  of  the  line  of  Virgil, 

Anchora  de  prora  jacitur  stant  litorc  puppes ; 
The  anc^ar  drops,  the  niahiag  k^J  ia  staid  j 

he  could  not  help  inquiring  what  would  be  the 
nature  of  the  ship's  motion  under  the  circumstances 
here  described.  And  in  the  last  few  days  of  his 
life,  aiier  his  mortal  illness  had  begun,  having  seen 
in  the  newspapers  some  statements  respecting  bal- 
loons, he  proceeded  to  calculate  their  motions;  and 
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performed  a  difficult  integration,  in  which  this  un- 
dertaking' engaged  him.  His  memoirs  ocoupy  a 
very  large  portion  of  the  PetropoUtan  Tran^acticms 
during  his  life,  from  1728  to  1783:  and  he  declared 
that  he  should  leave  papers  which  might  enrich 
the  publications  of  the  Academy  of  Petersburg  for 
twenty  years  after  his  death  ;■ — a  promise  which  has 
been  more  than  fulfilled;  for,  up  to  1818,  the  vo- 
lumes usually  contain  several  memoirs  of  his.  He 
and  his  contemporaries  may  be  said  to  have  ex- 
hausted the  subject;  for  there  are  few  mechanical 
problems  which  have  been  since  treated,  which  they 
have  not  in  some  manner  touched  upon. 

I  do  not  dwell  upon  the  details  of  such  pro- 
blems ;  for  the  next  great  step  in  Analytical  Me- 
chanics, the  publication  of  D'Alembert's  Principle 
in  1743,  in  a  great  degree  superseded  their  interest. 
The  Transactions  of  the  Academies  of  Paris  and 
Berlin,  as  well  as  St.  Petersburg,  ase  filled,  up  to 
this  time,  with  various  questions  of  this  kind.  They 
require,  for  the  most  part,  the  determination  of  the 
motions  of  several  bodies,  with  or  without  weight, 
which  pull  or  push  each  other  by  means  of  threads, 
or  levers,  to  whieh  they  are  fastened,  or  along 
which  they  can  slide ;  and  which,  having  a  certain 
impulse  given  them  at  first,  are  then  left  to  them- 
selves, or  are  compelled  to  move  in  given  lines  and 
surfaces.  The  postulate  of  Huyghcns,  respecting 
the  motion  of  the  center  of  gravity,  was  generally 
one  of  the  principles  of  the  solution ;    but  other 
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principles  u-ere  always  needed  in  addition  to  this ; 
and  it  required  the  exercise  of  ingenuity  and  skill 
to  detect  the  most  suitable  in  each  case.  Such  pro- 
blems were,  for  some  time,  a  sort  of  trial  of  strength 
among  mathematicians :  the  principle  of  D'Alembert 
pat  an  end  to  this  kind  of  challenges,  hy  supplying 
a  direct  and  general  method  of  resolving,  or  at  least 
of  throwing  into  equations,  any  imaginable  pro- 
blem. The  mechanical  difficulties  were  in  this  way 
reduced  to  difficulties  of  pure  mathematics, 

4.  D'Ak'mi>ert»  Principle. — D'Alerabert's  Prin- 
ciple is  only  the  expression,  in  the  most  general 
form,  of  the  principle  upon  which  John  Bernoulli, 
Hermann,  and  others,  had  solved  the  problem  of 
the  center  of  oscillation.  It  was  thus  stated,  "'The 
motion  imrpressed  on  each  particle  of  any  system  by 
the  forces  which  act  upon  it,  may  be  resolved  into 
two,  the  t'ffectim  motion,  and  the  motion  gained 
or  lost:  the  eft'ective  motions  will  be  the  real 
motions  of  the  parts,  and  the  motions  gained  and 
lost  will  be  such  as  would  keep  the  system  at  rest." 
The  distinction  of  statics,  the  doctrine  of  equili- 
brium, and  ihnmitiics,  the  doctrine  of  motion,  was. 
as  we  have  seen,  fundamental;  and  the  diflPerenee 
of  difficulty  and  complexity  in  the  two  subjects  was 
well  understood,  and  generally  recognized  by  ma- 
thematicians. D'Alembert's  principle  reduces  every 
dynamical  question  to  a  statical  one;  and  hence,  by 
means  of  the  conditions  which  connect  the  possible 
motions  of  the  system,  we  can  determine  what  the 
VOL.  n.  H 
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actual  motions  must  be.  The  difficulty  of  Oeter- 
raining  the  laws  of  equilibrium,  in  the  applicatioa 
of  this  principle  in  complex  cases,  is,  however,  often 
as  great  as  if  we  apply  more  simple  and  direct  con- 
siderations. 

5.  Motim  in  Ri^sisling  Media,  BaUisVm. — 
We  shall  notice  more  particularly  the  history  of 
some  of  tho  problems  of  mechanics.  Thout^h 
John  Bernoulli  always  .spoke  with  admiration  of 
Newton's  Princyna,  and  of  its  author,  he  appears 
to  have  been  well  disposed  to  point  out  real  or 
imagined  blemishes  in  the  work.  Against  the 
validity  of  Newton's  determination  of  the  path  de- 
scribed by  a  body  projected  in  any  part  of  the 
solar  system,  Bernoulli  urges  a  cavil  which  it  h 
difficult  to  conceive  that  a  mathematician,  such  as 
he  was,  could  seriously  believe  to  be  well  founded. 
On  Newton's  determination  of  the  path  of  a  body 
in  a  resisting  medium,  his  criticism  is  more  just. 
He  pointed  out  a  material  crrour  in  this  solution : 
this  corroetion  came  to  Newton's  knowledge  in 
London,  in  October  1712,  when  the  impression  of 
the  second  edition  of  tlie  Principia  was  just  draw- 
ing to  a  close,  under  the  care  of  Cotes  at  Cam- 
bridge :  and  Newton  immediately  cancelled  the  leaf 
and  corrected  the  errour'. 

This  problem  of  the  motion  of  the  body  in  a 

Twisting  medium,  led  to  another  collision  between 

the  English  and  the  German  mathematicians.     The 

'  MS.  C  one^MMideoce  in  Trin.  CdJt  lobniy. 
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proposition  to  which  we  have  referred,  gave  onlj 
an  indirect  rtew  of  the  nature  of  the  curre  de- 
&cribed  by  a  projectile  in  the  air;  and  it  is  probable 
that  Newton,  when  he  wTote  the  PHnrApia,  did  not 
see  his  way  to  any  direct  and  complete  solution 
of  this  problem.  At  a  later  period,  in  171JS,  when 
the  quarrel  had  waxed  hot  between  the  admirers 
of  Newton  and  Leibnitz,  Keill,  who  had  come  for- 
ward as  a  champion  on  the  English  side,  proposed 
this  problem  to  the  foreigners  as  a  challenge.  Keill 
probably  imagined  that  what  Newton  had  not  dis- 
covered, no  one  of  his  time  would  be  able  to 
discover.  But  the  sedulous  cultivation  of  analysis 
hy  the  Germans  had  given  them  mathematical 
powers  beyond  the  expectation  of  the  English ;  who, 
whatever  might  be  their  talents,  had  made  little 
advance  in  the  cficctive  use  of  general  methods; 
and  for  a  long  period  seemed  to  be  fa.scinated  to 
the  spot,  in  their  admiration  of  Newton's  excel- 
lence. Bernoulli  speedily  solved  the  problem;  and 
reasonably  enough,  according  to  the  law  of  hont^ur 
of  such  challenges,  called  upon  the  challenger  to 
produce  his  solution.  Keill  was  unable  to  do  this; 
and  after  some  attempts  at  procrastination,  was 
driven  to  very  paltry  evasions.  Bernoulli  then 
published  his  solution,  with  very  just  expressions 
of  scorn  towards  his  antagonist.  And  this  may, 
perhaps,  be  considered  as  the  first  material  addi- 
tion which  was  made  to  the  j'rhcipia  hy  subse- 
i|uent  writers. 

II  y 


6.    Constdlaf-ion  of  MtUheitmticians. — W 
with  admiration  along  the  great  series  of  mathe- 
maticians, hy  whom  the  science  of  theoretical  me-, 
chanies   has  been   cultivated,  from  the   time    of 
Newton  to  our  own.     There  is  no  group  of  men  of 
science  whose  fame  is  hig-her  or  brighter.    The 
great  discoveries  of  Copernicus,   Galileo,   Newton,  I 
had  fixed  all  eyes  on   those  portions  of  human 
knowledge  on  which  their  successors  employed  their 
labours.     Tlie   certainty  belonging  to  this  line  of 
speculation  seemed  to  elevate  mathomaticians  abova 
the  students  of  other  subjects ;  and  the  beauty  of 
mathematical  relations,  and  the  subtlety  of  intel- 
lect which   may   be  shown  in   dealing  with  them, 
were  fitted  to  win  unbounded  applause.     The  suc- 
cessors of  Neision  and  the  Bcrnoullis,  as  Euler, 
Clairaut,    D^Alembert,    Lagrange,   Laplace,   not  to 
introduce  living  names,  have  been  some  of  the  most 
remarkable   men   of  talent    which   the   world   has 
seen.     That  their  talent  \%  for  the  most  part, 
a  different  kind   from  that  bv  which  the  laws 
nature  were  discovered,  I  shall  have  occasion 
explain   elsewhere ;  for  the  present.   I   must   en- 
deavour to  arrange  the  principal  achievements  of 
those  whom  I  have  mentioned. 

The  series  of  persons  is  connected  by  social  re- 
lations. Euler  was  the  pupil  of  the  first  generation 
of  Bemoullis.  and  the  intimate  friend  of  the  second 
generation ;  and  all  these  extraordinary  men,  as 
well  as  Hermaiiiu  were  of  the  city  of  Basil,  in  that 
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age  a  spot  fertile  of  great  mathematicians  to  an 
unjiaralleled  degree.  In  1740,  Clairaut  and  Mau- 
pertuis  visited  John  Bernoulli,  at  that  time  the 
Nestor  of  mathematicians,  who  died,  full  of  age  and 
honours,  in  1748.  Euler,  several  of  the  Bernoullis, 
Maupertuis,  Lagrange,  among  othyr  matliemati- 
cians  of  smaller  note,  were  called  into  the  north  by 
Catharine  of  Russia  and  Frederic  of  Prussia,  to 
inspire  and  instruct  academies  which  the  hrilliaiit 
fame  then  attached  to  science,  had  induced  those 
raonarchs  to  establish.  The  prizes  proposed  by 
these  societies,  and  by  the  FrencTi  Academy  of 
Sciences,  gave  occasion  to  many  of  the  most  valu- 
able mathematical  works  of  the  century. 

7.  Tke  Problem  of  three  Bodies. — In  1747, 
L'lairaut  and  D'Alenihert  sent,  on  the  same  day, 
to  this  body,  their  solutions  of  the  celebrated  "  Pro- 
blem of  Three  Bodies,"  which,  from  that  time, 
became  the  great  object  of  attention  of  mathemati- 
eiana : — the  bow  in  which  each  tried  his  strength,  and 
endeavoured  to  shoot  further  than  his  predecessors. 

This  problem  was,  in  fact,  the  astronomical 
question  of  the  effect  produced  by  the  attraction 
of  the  sun.  in  disturbing  the  motions  of  the  moon 
about  the  earth ;  or  by  the  attraction  of  one  planet, 
disturbing  the  motion  of  another  planet  about  the 
sun;  but  being  expressed  generally,  as  referring  to 
one  body  which  disturbs  any  two  otiiers,  it  became 
a  mechanical  problem,  and  the  liistory  of  it  be- 
longs to  the  present  subject. 
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One  coiiseijuencc  of"  the  synthetical  (brm  aJopted 
by  Newton  in  the  Prindpui,  was.  that  his  succcs*^ 
8ors  had  the  problem  of  the  solar  system  to  begin 
entirely  anew.    Those  who  would  not  do  this,  madaj 
no  progress,  as  was  long  the  case  with  tht?  English." 
Clairaut  says,  that  he  tried  for  a  long  time  to 
make  some  use  of  Newton's  labours;  but  that,  a1^ 
last,  he  resolved  to  take'  up  the  subject  in  an  inde- 
pendent manner.     This,  accordingly,  he  did,  usmg|^ 
analysis   throughout,    and    following   methods   not 
much  diilerent  from  those  still  employed.     We  do- 
not  now  speak  of  tho  comparison  of  this  theorj^ 
with  observation,  except  to  remark,  that  both  by 
the  agreements  and  by  the  discrepancies  of  thi^f 
comparison,  Clairaut  and  other  writers  were  per- 
petually di'iven  on  to  carry  forwards  the  calculatio: 
to  a  greater  and  greater  degree  of  accuracy. 

One  of  the  most  important  of  the  cases  I 
which  this  happened,  was  that  of  the  movement 
of  the  apogee  of  the  moon;  and  in  this  case  a  mode 
of  approximating  to  the  truth,  which  had  been  de- 
pended on  as  nearly  exact,  was.  after  liaving  caused 
great  perplexity,  found  by  Clairaut  and  Euler  to 
give  only  half  the  truth.  This  same  problem  of  three 
bodies  was  the  occasion  of  a  memoir  of  Clairaut,^ 
which  gained  the  prize  of  the  Academy  of  St  Pe- 
tersburg in  l"ol ;  and,  finally,  of  his  Thmric  th  la 
Liitir,  published  in  17f>5.  D'Alcmbert  laboured  at 
the  same  time  on  the  same  problem  ;  and  the  value 
of  their  methods,  and  the  merit  of  the  inventor 
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unbappilv  boeame  a  subject  of  controversy  between 
those  two  great  niatbematiciaos.  Euler  also,  in 
ir53,  published  a  Theory  of  the  Moony  which  was, 
perliaps,  more  usoful  than  eitber  of  the  others, 
since  it  was  afterwards  the  basis  of  Mayer's  method, 
and  of  his  Tables.  It  is  difficult  to  give  the  general 
reader  any  distinct  notion  of  these  solutions.  We 
may  observe,  tiiat  the  quantities  which  determine 
the  moon's  position,  are  to  be  determined  by 
means  of  certain  algebraical  equations,  which  ex- 
press the  mechanical  conditions  of  the  motion.  The 
operation,  by  which  the  result  is  to  be  obtained, 
involves  the  process  of  integration;  which,  in  this 
instance,  cannot  be  performed  in  an  immediate  and 
lite  manner;  since  the  quantities  thus  to  be 
"perated  on  depend  upon  the  moon's  position,  and 
thus  require  us  to  know  the  very  thing  which  we 
have  to  determiiiG  by  the  operation.  The  result 
must  be  got  at,  therefore,  by  successive  approxi- 
mations: wc  must  first  find  a  quantity  near  the 
truth ;  and  then,  by  the  help  of  this,  one  nearer 
still ;  and  so  on ;  and.  in  this  manner,  the  moon's 
place  will  be  given  by  a  converging  series  of  terms. 
The  form  of  these  terms  depends  upon  the  rela- 
tiong  of  position  between  the  sun  and  moon,  their 
apogees,  tbe  moon's  nodes,  and  other  quantities; 
and  by  the  variety  of  combinations  of  whicli  these 
admit,  the  terms  become  very  numerous  and  com- 
plex. The  niiigniiudc  of  the  terms  depends  also 
upoD  various  circumstances;  as  the  relative  force 
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of  the  sun  and  earth,  the  relative  times  of  the  solar 
and  lunar  revolutions,  the  eccentricities  and  incli- 
nations of  the  two  orbits.  These  are  combined  so 
as  to  give  terms  of  different  orders  of  magnitudes ; 
and  it  depends  upon  the  skill  and  perseverance' 
of  the  mathematician  how  far  he  will  continue; 
this  series  of  terms.  For  there  is  no  limit  to  thei 
number;  and  though  the  methods  of  which  wi 
have  spoken  do  theoretically  enable  us  to  calculate 
as  many  terms  as  we  please,  the  labour  and  the 
complexity  of  the  operations  are  so  serious  that 
common  calculators  are  stopped  by  them.  None! 
but  very  great  mathematicians  have  been  able 
walk  safely  any  considerable  distance  into  thi 
aventie, — so  rapidly  does  it  darken  as  we  ])roceed. 
And  even  the  possibility  of  doing  what  has  been 
done,  depends  upon  what  we  may  call  accidental 
circumstances ;  the  smallness  of  the  tnclinationsf 
and  eccentricities  of  the  system,  and  the  like.  "If 
nature  had  not  favoured  us  in  this  way,"  Lagrange 
used  to  say,  "there  would  have  been  an  end  of 
the  geometers  in  this  problem."  The  expected 
return  of  the  comet  of  JC82  in  1759.  gave  a  ueW; 
interest  to  the  problem,  and  Clairaut  proceeded  tfli 
calculate  the  case  which  was  thus  suggested.  When 
this  was  treated  by  the  methods  which  had  suo* 
cceded  for  the  moon,  it  offered  no  prospect  of  suo«' 
cess,  in  consequence  of  the  absence  of  the  favourable 
circumstances  just  referred  to,  and,  accordingly, 
Clairaut,  aAcr  obtaining  the  six  equations  to  which 
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he  reduces  the  solution",  adds,  "Integrate  them 
who  cao ;"  (Integre  maintenant  qui  pourra).  New 
methods  of  approximation  were  devised  for  this 
case. 

The  problem  of  three  bodies  was  Dot  prose- 
cuted in  consequence  of  its  analytical  beauty,  or  its 
intrinsic  attraction;  but  its  great  difficulties  were 
thus  resolutely  combated  from  necessity ;  because 
in  no  other  way  could  the  theory  of  unipersal  gra- 
vitation be  known  to  be  true  or  made  to  be  useful. 
The  construction  of  Tables  of  the  Moon,  an  object 
which  offered  a  large  pecuniary  reward,  as  well  as 
ciatliematical  glory,  to  the  successful  adventurer, 
was  the  main  purpose  of  these  labours. 

The  Theory  tff  the  Plmu'ta  prestmted  the  Pro- 
blem of  Three  Bodies  in  a  new  form,  and  involved 
in  peculiar  difficulties;  for  the  approximations  which 
succeed  in  the  Lunar  Theory  fail  here.  Artifices 
somewhat  modified  are  required  to  overcome  the 
difficulties  of  this  case. 

Euler  had  investigated,  in  particular,  the  mo- 
tions of  Jupiter  and  Saturn,  in  which  there  was 
a  secular  acceleration  and  retardation,  known  by 
observation,  but  not  easily  explicable  by  theory. 
Eulers  memoirs,  which  gained  the  prize  of  the 
French  Academy,  in  1748  and  1752,  contained 
much  beautiful  analysis ;  and  Lagrange  published 
also  a  theory  of  Jupiter  and  Saturn,  in  which  he 
obtained  results  different  from  those  of  Euler.     La- 

'  Jviirnal  dta  S^t>aHs,  Aug'  ]7^^> 


place,  in  1787,  showed  that  this  ioequality  aroi 
from  the  circumstance  that  two  of  Saturn's  years 
are  very  nearly  equal  to  five  of  Jupiter's.  M 

The  problems  relating  to  Jupiter's  Satellites, 
Were  found  to  be  even  more  complex  than  those 
which  refer  to  the  planets:  for  it  was  necessary 
consider  each  satellite  as  disturbed  by  the  othe: 
three  at  once;  and  thus  there  occurred  the  Problem 
of  Five  Bodies.  This  problem  was  resolved  bj 
Lagrange^. 

Again,  the  newly-discovered  sjnalt PUmets,  Juno, 
Ceres,  Vesta,  Pallas,  whose  orbits  almost  coincide 
with  each  other,  and  are  more  iocliued  and  morefl 
eccentric  than  those  of  the  ancient  planets,  give 
rise,  by  their  pcrturbationSj  to  new  forms  of  tha, 
problem,  and  require  new  artifices. 

In  the  course  of  these  researches  respecting 
Jupiter.  La^ango  and  Laplace  were  led  to  consider 
particularly  the  secular  Inequalities  of  the  sol 
system;  that  is,  those  inequalities  in  which  the 
duration  of  the  cycle  of  change  embraces  very 
many  revolutions  of  the  bodies  themselves.  Euler 
^^  in  174!J,  and  1755,  and  Lagrange',  in  1766,  had 
^B  introduced  the  method  of  the  Variation  of  th^^ 
H  Ek'ntenls  of  the  orbit ;   which   consists  in   tracing 

■  the  eHect  of  the  perturbing  forces,  not  as  directly 

■  altering  the  place  of  the  planet,  but  as  producing  aM 
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change  from  one  instant  to  another,  in  the  diinen- 
•  iJ^iiiy,  Asi.  Mud.  ifi.  17a 
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sions  anj  position  of  the  Elliptical  orbit  which  the 
planet  describes  (d).  Taking  this  view,  he  deter- 
mines the  secular  cha-iiges  of  each  of  the  eleimntSy 
or  deterraiiiing'  quantities  of  the  orbit.  In  1773, 
Liplaee  also  attacked  this  subject  of  secular 
changes,  and  obtained  expressions  for  them.  On 
this  occasion,  he  proved  the  celebrated  proposition 
that,  "  the  mean  motions  of  the  planets  are  invari- 
ible:"  that  is,  that  there  is,  in  the  revolutions  of  the 
system,  no  progressive  change  which  is  not  finally 
stopped  and  reversed ;  no  increase,  which  is  not, 
after  some  period,  changed  juto  decrease;  no  re- 
tardation which  is  not  at  last  succeeded  by  accele- 
ration ;  although,  ia  some  cases,  millions  of  3'cars 
may  elapse  before  the  system  reaches  the  turning 
point,  Tlionias  Simpson  noticed  the  same  conse- 
quence of  the  laws  of  universal  attraction.  In  1774 
and  177C  Lagrange^  still  laboured  at  the  secular 
equations;  extending  his  researches  to  the  nodes 
and  inclinations ;  and  showed  that  the  invariability 
of  the  moan  motions  of  the  planets,  which  Laplace 
had  proved,  neglecting  the  fourth  powers  of  the 
eccentricities  and  inclinations  of  the  orbits',  was 
true,  however  far  the  approximation  was  carried, 
80  long  as  the  squares  of  the  disturbing  masses 
were  neglected.  He  afterwards  improved  his  me- 
thods'; and,  in  1783,  he  endeavoured  to  extend  the 
calculation  of  the  changes  of  tlic  elements  to  the 
periodical  etjuations,  as  woll  as  the  secular. 

'  Gaulier,  p.  HI4.  "  lb.  p.  ]fi4  '  Il>.  p.  UHi. 


8.  M^caniqm  veieste,  &,c. — Laplace  also  resumec 
the  consideration  of   the  secular  changes;    and, 
finally,  undertook   his  vast  work,  the   Mccanigte&M 
Ci'hiite,  which  he  intended  to  contain  a  complete 
view  of  the  existing  state  of  this  splendid  depart- 
ment of  science.     We  may  see,  in  the  exultation 
which  the  author  obviously  feels  at  the  thought  offl 
erecting  this  monument  of  his  age,  the  enthusiasm 
which  had  been  excited  by  the  splendid  course  o{J 
mathematical   successes   of  which   I  have  given  a 
sketch.     The  two  first  volumes  of  this  great  work 
appeared  in  1799.     The  third  and  fourth  volumeal 
were  published  in   1802  and   1805   respectively. 
Since  its  publication,  little  has  been  added  to  the] 
solution  of  the  great  problems  of  which  it  treats.' 
in  1808,  Laplace  presented  to  the  French  Bureau 
des  Longitudes,  a   Supplement  to  the  Afecanique 
Celeste ;  the  object  of  which  was  to  improve  still 
ftirther  the  mode  of  obtaining  the  secular  variations 
of  the  elements.     Poisson   and  Lagrange   proved 
the  invariability  of  the  major  axes  of  the  orbits,  aafl 
far  as  the  second  order  of  the  perturbing  forces. 
Various  other  authors  have  since  laboured  at  this  _ 
subject.     Burckhardt,   in   1808,  extended  the  per*| 
turbing  function  as  far  as  the  sixth  order  of  the 
eccentricities.     Gauss.  Hansen,  and  Bessel,  Ivory, 
Lubbock,  Plana,  Pontticoulant,  and  Airy,  have,  at 
different  periods  up  to   the  present  time,   either 
extended  or  illustrated  some  particular  part  of  the 
theory,  or  applied  it  to  special  oases;  as  in  the 
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instance  of  Professor  Air/s  calculation  of  an  ine- 
quality of  Venus  and  the  earth,  of  which  the  period 
is  240  years.  The  approximation  of  the  moon's 
motions  has  been  pushed  to  an  almost  incredible 
extent  by  M,  Damoiseau,  and,  finally,  Plana  has 
once  more  attempted  to  present,  in  a  single  work 
(three  thick  quarto  volumes),  all  that  has  hitherto 
been  executed  with  regard  to  the  theory  of  the 
moon  (e). 

I  give  only  the  leading  points  of  the  progress  of 
analytical  dynamics.  Hence  I  have  not  spoken  in 
detail  of  the  theory  of  the  satellites  of  Jupiter,  a 
subject  on  which  Lagrange  gained  a  prize  for  a 
Memoir,  in  1766,  and  in  which  Laplace  discovered 
some  most  curious  properties  in  1784.  Still  less 
have  I  referred  to  the  purely  speculative  question 
ijf  Taulochronous  Curren  in  a  resisting  medium, 
though  it  was  a  subject  of  the  labours  of  Bernoulli, 
Euler,  Fontaine,  D'Alembert.  Lagrange,  and  La- 
place. The  reader  will  rightly  suppose  that  many 
<tther  curious  investigations  are  passed  over  in  utter 
silence. 

9.  Precesshn.  Mution  of  Rigid  Bodies. — The 
series  of  investigations  of  which  I  have  spoken, 
extensive  and  con)ple.x  as  it  is,  treats  the  moWng 
bodies  as  points  only,  and  takes  no  account  of  any 
peculiarity  of  their  form  or  motion  of  their  parts. 
The  investigation  of  the  motion  of  a  body  of  any 
magnitude  and  form,  is  another  branch  of  analytical 
mechanics,  which  well  deserves  notice.     Like  the 


no 


HISTORY   OF  MECHANICS. 


former  branch,  it  mainly  owed  its  cultivation  to  the 
problems  suggested  by  the  solar  eystem.     Newton. 
as  we  have  seen,  endeavoured  to  calculate  the  effect 
of  the  attraction  of  the  sun  and  moon  in  producing 
the  precession  of  the  equinoj^es;  hut  in  doing  this  ho 
made  some  mistakes.     In  1747.  D'AIcmbcrt  solved 
this  problem  by  the  aid  of  his  "Principle;"  and  MH 
was  not  difficult  for  him  to  show,  as  he  did  in  liis 
Opmcules,  in  1761,  that  the  same  method  enabled 
him  to  determine  the  motion  of  a  body  of  any  figure 
acted  upon  by  any  forces.    But,  as  the  reader  will., 
have  observed  in  the  course  of  this  narrative,  t\\f^ 
great  mathematicians  of  this  period  were  alwaj 
nearly  abreast  of  each  other  in  their  advances.- 
Euler*,  in  the  mean  time,  had  published,  in  1751, 
solution  of  the  problem  of  the  precession ;  and  in^ 
1752,  a  memoir  which  he  entitled,  Disafre^r^  9f  ^  mi 
Nile  Principle  of  Mechanics,  and  which  contains  a" 
solution  of  the  general  problem  of  the  alteration  of 
rotary  motion  by  forces.     D'Alcmbert  noticed  witliA 
disapprobation  the  assumption  of  priority  which  this 
title    implied,    though   allowing   the   merit  of  the 
memoir.    Various  improvements  were  made  in  these  ^ 
solutions;   but  the  final  form   was  given  them  byV 
Euler;  and  they  were  applied  to  a  great  variety  of 
problems  in  his  Tfiemy  of  the  Molioti  of  Solid  and 
liipid  Bodies,  which  was  written*  about  1760,  andj 
published  in  1765.    The  formuls  in  this  work  were 
much  simplified  by  the  use  of  a  discovery  of  Sog 
*  Ac.  Btri  1J45,  176*K         "  See  the  Prefaw  tn  tlie  liool 
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that  every  body  had  three  axes  which  were  called 
Principal  Axes,  about  which  alone  (in  general)  it 
woitld  permanently  revolve.  The  equations  which 
Euler  and  other  writers  had  obtained,  wero  at- 
tacked as  erroneous  by  Landen  in  the  Philosophical 
Transactions  for  17Ho ;  but  I  think  it  is  impossible 
to  consider  this  criticism  otherwise  than  as  an 
example  of  the  inability  of  the  English  nmtheina- 
ticians  of  that  period  to  take  a  steady  hold  of  the 
analytical  fjeneralizations  to  which  the  great  conti- 
nental authors  had  been  led.  Perhaps  one  of  the 
most  remarkable  calcidations  of  the  motion  of  a 
rigid  body  ia  that  which  Lagrange  performed  with 
regard  to  the  Mooiis  Lihration ;  and  by  which  he 
showed  that  the  Nodes  of  the  Moon's  Equator  and 
those  of  her  Orbit  must  always  coincide. 

10.  Vil/radnp  Stri/iifs. — Other  mechanical  ques- 
tions, unconnected  with  astronomy,  wore  also  pur- 
sued with  great  zeal  and  success.  Among  these 
was  the  problem  of  a  vibrating  string,  stretched 
between  two  fixed  points.  There  is  not  much 
complexity  in  the  mechanical  conceptions  which 
belong  to  this  case,  but  considerable  difficulty  in 
reducing  them  to  analysis.  Taylor,  In  his  Method 
(^  Jncreineiils,  published  in  1716,  bad  annexed  to 
his  work  a  solution  of  this  problem ;  obtained  on 
suppositions.  limited  indeed,  but  apparently  con- 
formable to  the  most  common  circumstances  of 
practice.  John  Bernoulli,  iu  1728,  had  also  treated 
the  same   problem.     But   it  assumed  an  interest 
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altogether  new,  when,  in  1747,  D'Alembert  pub- 
lished his  views  on  the  subject ;  in  which  he  main- 
tained that,  instead  of  one  kind  of  curve  only,  therej 
were  an  infinite  number  of  different  curves,  whieh 
answered  the  conditions  of  the  question.  The  pro- 
blem, thus  put  forward  by  one  great  mathematician, 
was,  as  usual,  taken  up  by  the  others,  whose  name 
the  reader  is  now  so  familiar  with  in  such  ai 
association.  In  1748,  Euler  not  only  assented  to 
the  generalization  of  D'Alembert,  hut  held  that 
it  was  not  necessary  that  the  cun-es  so  introduced , 
should  be  defined  by  any  algebraical  conditio! 
whatever.  From  this  extreme  indeterminate  nes 
D'Alembert  dissented;  while  Daniel  Bernoulli, 
trusting  more  to  physical  and  less  to  analjlical  roj 
sonings,  maintained  that  both  these  generalizations 
were  inapplicable  in  fact,  and  that  the  solution  was' 
really  restricted,  as  had  at  first  been  supposed,  to 
the  form  of  the  trochoid,  and  to  other  forms  deriv^ 
able  from  that.  He  introduced,  in  such  problems, 
the  "Law  of  Coexistent  Vibrations,"  which  is  of 
eminent  use  in  enabling  us  to  conceive  the  results  of 
complex  mechanical  conditions,  and  the  real  import, 
of  many  anal^'tieal  expressions.  In  the  mean  time 
the  wonderful  analytical  genius  of  Lagrange  hs 
applied  itself  to  this  problem.  He  had  formed  the 
Academy  of  Turin,  in  conjunction  with  his  friends 
Saluces  and  Cigna;  and  the  first  memoir  iu  their 
Transactions  was  one  by  him  on  this  subject:  in 
this  and  In  subsequent  writings  he  has  established. 
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to  the  satisfaction  of  the  mathematical  world,  that 
the  functions  introduced  in  such  cases  are  not 
necessarily   continuous,    but    are   arbitrary  to  the 

le   degree  that  the   motion   is  so  practically; 

mgh  capable  of  expression  by  a  series  of  circular 
ftiDctions.  This  controversy,  concerning  the  degree 
of  lawlessness  with  which  the  conditions  of  the 
solution  may  be  assumed,  is  of  consequence,  not 
only  with  respect  to  vibrating  strings,  but  also  with 
respect  to  many  problems,  belonging  to  a  branch  of 
Mechanics  which  we  now  have  to  mention,  the 
Doctrine  of  Fluids. 

11.  Equilibrium  of  Fluids. — Figura  of  the 
EaT^h. — Tides. — The  application  of  the  general 
iloctrines  of  ilechanics  to  fluids  was  a  natural  and 
inevitable  step,  when  the  principles  of  the  science 
tad  been  generalized.  It  was  easily  seen  that  a 
fluid  is,  for  this  purpose,  nothing  more  than  a  body 
of  which  the  parts  are  moveable  amongst  each 
other  with  entire  facility;  and  that  the  mathema- 
ticiaa  must  trace  the  consequences  of  this  condition 
upon  his  equations.  This  accordingly  was  done,  by 
the  founders  of  mechanics,  both  for  the  cases  of  the 
equilibrium  and  of  motion.  Newton's  attempt  to 
solve  the  problem  of  the  Jiffure  qf  the  earth,  sup- 
podng  it  fluid,  is  the  first  example  of  such  an  inves- 
tigation :  and  this  solution  rested  upon  principles 
wliich  we  have  already  explained,  applied  with  the 
skill  and  sagacity  which  distinguished  all  that  New- 
ton did. 
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We  have  already  seen  how  the  generality 
the  principle,  that  fluids  press  equally  in  all  direc 
tions,  was  established.     In  applying  it  to  calcula-' 
tlon,  Newton  took  for  his  fundamental  principle, 
the  equal  weight  of  columns  of  the  fluid  reaching 
to  the  eentor;  Hnyghens  took,  as  his  basis,  the  pel 
peudicularity  of  the  resulting  force  at  each  point 
the  surface  of  the  fluid;   Bougucr  conceived  that 
both  principles  were  necessary;  and  Clairaut  showed 
that  the  equilibrium  of  all  canals  is  requisite.    He  h 
also  was  the  6rst  mathematician  who  deduced  fromS 
this  principle  the  Equations  of  Partial  DiiFerentials 
by  which  these  laws  are  expressed ;  a  step  which, 
as  Lagrange  says'",  changed  the  face  of  Hydrostatics, 
and  made  it  a  new  science.     Eulcr  simpliHed  the^ 
mode  of  obtaining  the  Equations  of  Equilibrium  for™ 
a.i\y  forces  whatever;   and   put  them  in   the  form. 
which  is  now  generally  adopted  in  our  treatises. 

The  explanation  of  the  Tides,  in  the  way  ti 
which  Newton  attempted  it  in  the  third  book  of  the) 
Princvpia,  is  another  example  of  a  hydrostatical 
investigation  ;  for  he  considered  only  the  form  that 
the  ocean  would  have  if  it  were  at  rest.  The 
memoirs  of  Maclaurin,  Daniel  Bernoulli^  and  Euler, 
on  the  question  of  the  Tides,  which  shared  amonga 
them  the  prize  of  the  Academy  of  Sciences  in  174U, 
went  upon  the  same  views. 

The  Treatise  ^  the  Figure  of  the  Earth,  hy\ 
Clairaut,  in  1743.  extended  Newton's  solution 

'"  M4c.  Analyt.  ii.  p.  180. 
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the  same  probleui,  by  supposiog  a  solid  uudeug 
covered  with  a  fluid  of  ditterent  densit_y.  No  pecu- 
liar novelty  has  been  introduced  into  this  subject, 
except  a  method  employed  by  Laplace  for  determin- 
ing the  attractions  of  spheroids  of  small  eccentricity, 
which  is,  as  Professor  Airy  has  said",  "a  calculus 
the  most  singular  in  its  natui'e,  and  the  most  power- 
ful ill  its  effects,  of  any  which  has  yet  appeared," 

12.  CapiUdry  Action. — There  is  only  one  other 
problem  of  the  statics  of  fluids,  on  which  it  is  neces- 
sary to  say  a  word, — the  doctrine  of  Capillary  At- 
traction. Daniel  Bernoulli",  in  1738,  states  that  he 
passes  over  the  subject,  because  he  could  not  reduce 
the  facts  to  general  laws :  but  Clairaut  was  more 
successful,  and  Laplace  and  Polsson  have  since 
given  great  analytical  completeness  to  his  theory. 
At  present  our  business  is.  not  so  much  with  the 
sufficiency  of  the  theory  to  explain  phenomena,  as 
with  the  mechanical  problem  of  which  this  is  an 
example,  which  is  one  of  a  very  remarkable  and 
important  character;  namely,  to  determine  the 
effect  of  attractions  which  are  exercised  by  all  the 
particles  of  bodies,  on  the  hypothesis  tliat  the 
attraction  of  each  particle,  thoug:h  sensible  when  it 
acts  upon  another  particle  at  an  extremely  small 
distance  from  it,  becomes  insensible  and  vanishes 
the  moment  this  distance  assumes  a  perceptible 
magnitude.  It  may  easily  be  imagined  that  the 
analysis  by  which  results  are  obtained  under  con- 

"  Enc.  Mil.  Fig.  of  Earth,  p,  192.         "  Hifdrodyn.  pref.  p.  5. 
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ditions  so  general  and  so  peculiar,  is  curious  am 
abstract :  the  problem  has  been  resolved  in  som. 
very  extensive  cases. 

13.  Motion  of  Fluids. — The  only  branch  of  ma- 
thematical mechanics  which  remains  to  be  consi- 
dered, is  that  which  is,  we  may  venture  to  say, 
hithtTto  incomparably  the  most  incomplete  of  all, — 
Hydrodynamics.  It  may  easily  be  imagined  that 
the  mere  hypothesis  of  absolute  relative  mobility  in 
the  parts,  combined  with  the  laws  of  motion  and 
nothing  more,  are  conditions  too  vague  and  g^eneral 
to  lead  to  definite  conclusions.  Yet  such  are  the 
conditions  of  the  problems  which  relate  to  the 
motion  of  fluids.  Accordingly,  the  mode  of  solviui^ 
them  has  been,  to  introduce  certain  other  hypo- 
theses, often  acknowlcdjffed  to  be  false,  and  almost 
always  in  some  measure  arbitrary,  which  may  assist 
in  detennining  and  obtaining  the  solution.  The 
Velocity  of  a  fluid  issuing  from  an  oriftcc  in  a  ves- 
sel, and  the  Resistance  which  a  solid  body  sufters  in 
moving-  in  a  tiuid,  have  been  the  two  main  problems 
on  which  mathematicians  have  employed  them- 
selves. Wg  have  already  spoken  of  the  manner  in 
which  Newton  attacked  both  these,  and  endeavoured 
to  connect  them.  The  subject  became  a  branch  of 
Analytical  Mechanics  by  the  labours  of  D.Bernoulli, 
whose  Hfidroifynamica  was  published  in  1  "38.  This 
work  rests  upon  the  Iluygrhenian  prinpiplc  of  which 
we  have  already  spoken  in  the  history  of  the  center 
of  oscillation :  namely,  the  equahty  of  the  actual 
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fk'scent  of  the  particles  and  the  potential  ascent;  or, 
in  other  words,  the  conservation  of  Tts  viva.  This 
was  the  first  analytical  treatise;  aud  the  anaWsis  is 
declared  hy  Lagrange  to  be  as  elegant  in  its  steps  as 
it  is  simple  in  its  results.  Maclaurin  also  treated 
tlie  subject ;  but  is  accused  of  reasoning  in  such  a 
way  as  to  show  that  he  had  detcrmbied  upon  his 
result  beforehand;  and  the  method  of  John  Ber- 
noulli, wtio  likewise  wrote  upon  it,  has  beea  strongly 
objected  to  by  D'AIembert.  D'Alcnibert  himself 
applied  the  principle  which  bears  his  name,  to  this 
subject ;  publishinj,'  a  Treatise  ott  the  Eifuilihrhuii 
and  Mutlon  (^Fluids  in  \'JAA^  and  on  the  Resist- 
ance, of  Fluids  in  1753,  His  Rejiexions  sitr  la 
Cause  Generak  des  Vents,  printed  in  1747,  are  also 
a  eelel)rated  work,  belonging  to  this  part  of  mathe- 
matics. Euler,  in  this  as  in  other  cases,  was  one  of 
those  who  most  contributed  to  give  analytical  ele- 
gance to  the  subject.  In  addition  to  the  questions 
B'hich  have  been  mentioned,  he  and  Lagrange 
treated  the  problems  of  the  small  vibrations  of 
fluids^  both  inelastic  and  elastic;— a  subject  which 
leads,  like  the  question  of  vibrating  strings,  to  some 
subtle  and  abstruse  considerations  concerning  the 
significations  of  the  integrals  of  partial  differential 
equations.  Laplace  also  took  up  the  subject  of 
waves  propagated  along  the  surface  of  water ;  and 
deduced  a  very  celebrated  theory  of  the  tides,  in 
which  he  considered  the  ocean  to  be,  not  in  cquili- 
biiiun,  as  preceding  writers  had  supposed,  but  agl- 
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tated  by  a  constant  series  of  unttuHations,  produced 
by  the  solar  and  lunar  forces.     Tho  diftieulty  of  ^ 
such  an  investigation  may  be  judged  of  from  this, 
that  Fiaplace,  in  order  to  cairy  it  on,  is  obliged  to 
assimie  a  mechanical   proposition,  unproved,  and 
only  conjectured  to  be  true;  namely",  that,  "in  a 
system  of  bodies  acted  upon  by  forces  which  are 
periodical,  the  state  of  the  system  is  periodical  like- 
the  forces,"    Eveu  with  this  assumption,  various 
other  arbitrary  processes  are  requisite ;  and  it  ap- 
pears still  very  doubtful  whether  Laplace's  theory  is 
either  a  better  mechanical  solution  of  the  probleau 
or  a  nearer  approximation  to  the  laws  of  the  phe- 
nomena, than  that  obtained  by  D,  Bernoulli,  follow-' 
ing  the  views  of  Newton. 

In  most  cases,  the  solutions  of  problems  ofl 
hydrodynamics  arc  not  satL'sfactorily  confirmed  by 
the  results  of  observation.  Poisson  and  Cauchy 
have  prosecuted  the  subject  of  waves,  and  have 
deduced  very  curious  conclusions  by  a  very  recon- 
dite and  profound  analysis.  The  assumptions  of  the 
mathematician  here  do  not  represent  the  conditions 
of  nature ;  the  rules  of  theory,  therefore,  arc  not  a 
good  standard  to  which  we  may  refer  the  aberra- 
tions  of  particular  cases;  and  the  laws  which  we^ 
obtain  from  experiment  are  very  imperfectly  illus- 
trated by  a  priori  calculation.  The  case  of  this 
department  of  knowledge.  Hydrodynamics,  is  very 
(jeculiar;  we  have  reached  the  highest  point  of  the 
"  Mh.  Ccl.  t.  ii.  r-  218. 
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science, — the  laws  of  extreme  simplicity  and  geno- 
rality  from  which  tlie  phenomena  flow ;  we  cannot 
doubt  that  the  nltiiuate  principles  which  we  havo 
obtained  are  the  true  ones,  and  those  Avhich  really 
apply  to  the  facts;  and  yet  we  aro  far  from  hcinp 
able  to  apply  the  principles  to  explain  or  find  out 
the  facts.  In  order  to  do  this,  we  want,  in  addition 
to  what  we  have,  true  and  useful  principles,  inter- 
mediate between  the  highest  and  the  lowest; — 
between  the  extreme  and  almost  barren  generality 
of  the  laws  ofmotion,  and  the  endless  varieties  and 
inextricable  complexity  of  fluid  motions  in  special 
eases.  The  reason  of  this  peculiarity  in  the  science 
of  Hydrodynamics  appears  to  be,  that  its  general 
principles  were  not  discovered  witli  reference  to 
the  science  itself,  but  by  extension  from  the  sister 
science  of  the  Mechanics  of  Solids;  thev  were  not 
obtained  by  ascending  gradually  from  particulars 
to  truths  more  and  more  general,  respecting  the 
motions  of  fluids;  but  were  caught  at  once,  by  a 
perception  that  the  parts  of  fluids  are  included  in 
that  range  of  generality  which  we  are  entitled  to 
gi\'G  to  the  supreme  laws  of  motion  of  solids. 
Thus,  solid  and  fluid  dynamics  resemble  two  edifices 
which  have  their  highest  apartm.ent  in  common, 
:  though  we  can  explore  every  part  of  the  former 
building,  we  have  not  yet  succeeded  in  traversing 
the  atairease  of  the  latter,  either  from  the  toj)  or 
from  the  bottom.  If  we  had  lived  in  a  world  in 
which  there  were  no  solid  bodies,  we  should  pro- 
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bably  not  yet  have  discovered  the  laws  of  niotionl 
if  we  had  lived  in  a  world  in  which  there  were  no 
fluids,  we  should  have  no  idea  how  insufficient  a 
complete  possession  of  the  general  laws  of  motion 
may  be,  to  give  us  a  true  knowledge  of  particuk 
results. 

14.   Various  General  Mechanical  Prhiciples.- 
The  generalized  laws  of  motion,  the  points  to  whic 
I  have  endeavoured  to  conduct  my  history,  include 
in  them  all  other  laws   by  which   the  motions  of 
bodies  can  be  regulated;  and  among  such,  severaJ 
laws  which  had  been  discovered  before  the  highest 
point  of  generalization  was  reached,  and  which  thus 
served  as  stepping-stones  to  the  ultimate  principles 
Such  were,  as  we  have  seen,  the  Principles  of  the 
Couservation  of  vis  tira,  the  Principle  of  the  Con-"" 
servation  of  the  motion  of  the  center  of  gravity, 
and  the  like.     These  principles  may,  of  course,  befl 
deduced  from  our  elementary  laws,  and  were  finally 
established    by   mathematicians    on    that    footing.^ 
There  are  other  principles  which  may  be  similarly 
demonstrated ;  among  the  rest,  I  may  mention  the 
Principle  of  the  Conservation  of  areas,  which  ex-j 
tends  to  any  number  of  bodies  a  law  analogous  to 
that  which  Kepler  had  observed,  and  Newton  de-j 
monstrate^,  respecting  the  areas  described  by  eack^ 
planet  round  the  sun.  I  may  mention  also,  the  Prin- 
ciple of  the  Immof/ilitf/  of  the  plane  of  maximum 
areas,  a  plane  which  is  not  disturbed  bj  any  mutual 
action  of  the  parts  of  any  system.     The  former 
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these  principles  was  published  about  the  same  time 
bv  Euler,  D.  Bernoulli,  anJ  Darcy.  under  different 
forms,  in  174(>  and  1747;  the  latter  hy  Laplace. 

To  these  may  be  added  a  law,  very  celebrated  in 
its  time,  and  thu  occasion  of  an  angry  controversy, 
the  Principle  o/leaitt  action.  Maupertuis  conceived 
that  he  could  establish  «  priori.,  by  theological 
arguments,  that  all  mechanical  changes  must  take 
place  in  the  world  so  as  to  occasion  the  least  pos- 
sible quantity  of  action.  In  asserting  this,  it  was 
proposed  to  measure  the  Aetioo  by  the  ftroduct 
of  Velocity  and  Space ;  and  this  measure  being 
adopted,  the  mathematicians,  though  they  did  not 
generally  assent  to  Maupertuis'  reasonings,  found 
tliat  his  principle  expressed  a  remarkable  and  use- 
ful truth,  u'hieU  might  be  established  on  known 
mechanical  grounds. 

15.  ATiaiiilical  Generality.  Connexion  of  Sta- 
Uea  and  /)_*///fjm;V.«.— Before  I  quit  this  subject,  it 
is  important  to  remark  the  peculiar  character  which 
the  science  of  mechanics  has  now  asi^umcd,  in  con- 
Bequence  of  the  extreme  analytical  generality  which 
has  been  given  it.  Symbols,  and  operations  upon 
symbols,  include  the  whole  of  the  reasoner's  task ; 
and  though  the  relations  of  space  are  the  leading 
subjects  in  the  science,  the  great  analytical  treatises 
upon  it  do  not  contain  a  single  diagram.  The 
Mfraniqite  Aiiafytiqne  of  Lagrange,  of  which  the 
tirst  edition  appeared  in  17»8,  is  by  far  the  most 
consummate  example  of  this  analytical  generality. 
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"The  plan  of  this  work,"  says  the  author,  *'is 
entirely  new.  I  have  proposed  to  myself  to  reduce 
the  whole  theory  of  this  science,  and  the  art  of 
resolving  the  problems  which  it  includes,  to  general 
fomiulEp,  of  which  the  simple  developement  gives 
all  the  equations  necessary  for  the  solution  of  the 
problem," — "The  reader  will  find  no  figures  m  the 
work.  TIic  methods  which  I  dclirer  do  not*  require 
either  constructions,  or  geometrical  or  mechanical 
reasonings ;  but  only  algebraical  operations,  subject 
to  a  regular  and  uniform  rule  of  proceeding."  Thus 
this  writer  makes  Mechanics  a  branch  of  Analysis; 
instead  of  making,  as  had  previously  been  done. 
Analysis  an  implement  of  Mechanics".  The  trans- 
cendent generalizing  genius  of  Lagrange,  and  his 
matchless  analytical  skill  and  elegance,  have  made 
this  undertaking  as  successful  as  it  is  striking. 

The  mathematical  reader  is  aware  that  the  lan- 
guage of  mathciuatical  symbols  is,  in  its  nature, 
more  general  than  tlie  language  of  words;  and  that 
in  this  way  truths,  translated  into  symbols,  often 
suggest  their  own  generalizations.  Something  of 
this  kind  has  happened  in  Mechanics.  The  same 
Formula  expresses  the  general  condition  of  Statics 
and  that  of  Dynamics.  The  tendency  to  generaliza- 
tion which  is  thus  introduced  by  analysis,  makes 


"  Lagmoge  hiwaulf  terms  Mcclianica,  "An  Analytical  Geo- 
metry of  four  dimensions."  Bceides  the  three  co-Ordinatei  wliieli 
(letcriniiietlic  place  of  iv  bfldy  I'n  space,  the  fimeentcn&a  ajburlh 
co-vfdiuate.  QNo^te  by  Littrovr.J 
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Tnatheraaticians  uriwilling  to  acknowledge  a  plu- 
rality of  Mechanical  principles;  and  in  the  most 
recent  analytical  treatises  on  the  suhject,  all  the 
doctrines  are  deduced  from  the  single  Law  of 
Inertia.  Indeed,  if  we  identify  Forces  with  the 
Velocities  which  produce  them,  and  allow  the  Com- 
position of  Forces  to  be  applicable  to  force  gn 
undersfiwd,  it  is  easy  to  see  that  we  can  reduce  the 
Laws  of  Motion  to  the  Principles  of  Statics;  and 
this  conjunction,  though  it  may  not  be  considered 
as  philosophically  just,  is  verbally  correct.  If  we 
thus  multiply  or  extend  the  meanings  of  the  term 
Force,  we  make  our  elenipntary  principles  simpler 
and  fewer  than  before;  and  those  persons,  there- 
fore, who  are  willing  to  assent  to  such  a  use  of 
words,  can  thus  obtain  an  additional  generalization 
of  djTianrical  principles;  and  this,  as  I  have  stated, 
has  been  adopted  in  several  recent  treatises.  I 
shall  not  ftirther  discuss  here  how  far  this  is  a  real 
advance  in  science. 

Having  thus  rapidly  gone  through  the  history  of 
Force  and  Attraction  in  the  abstract^  we  return 
to  the  attempt  to  interpret  the  phenomena  of  tlie 
universe  by  the  aid  of  these  abstractions  thus 
established. 
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(a.)  p.  17.  "  Simon  SxBviN  of  Bruges,"  as  he  ueually 
deeignatcB  him.'^elf  it)  the  title-page  uf  his  work,  liis  lately 
become  an  object  of  general  intere&t  in  hie  own  country, 
and  it  haa  been  resotved  to  erect  a  atatue  in  honour  of  him 
in  one  of  the  public  plocea  of  hie  native  city.  He  waa  bom 
in  1548,  aa  1  learn  from  M.  Quetelet's  notice  of  bira,  and 
died  in  1620.  Montuchk  says  Lliat  he  died  in  1693;  mis- 
led apparently  by  the  preface  to  Albert  Girard's  edition 
of  Stevin*B  works,  which  waa  published  in  1634,  and  which 
Gpeaks  of  a  death  which  took  place  in  the  preceding  year; 
but  on  examination  it  will  be  seen  that  this  refers  to 
Girard,  not  to  Stcvin. 

I  ought  to  have  mentioned,  in  consideration  of  the 
importance  of  the  propositien,  that  Stcvin  diatinctly  states 
the  triamle  of  farces;  namely,  that  three  forces  which  act 
upon  a  point  are  in  equilihrium  when  they  are  parallel  and 
. proporttonal  to  the  three  sides  of  any  plane  triangle.  This 
includoa  the  principle  of  the  Compoiitioii  of  Statical  Forces. 
Stevin  also  applies  his  principle  of  equilibrium  to  cordage, 
puUieB,  funicular  polygons,  and  especially  to  the  bits  of 
bodies;  a  branch  of  mechanics  which  he  calls  Chalinoih- 
Upm. 

He  has  also  the  merit  of  having  aoen  very  clearly,  tha 
distinction  of  statical  and  dynamical  problems.  He  re- 
marks that  the  ijucBtiont  Wliat  force  will  svppvH  a  loaded 
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wagon  on  an  inolineil  plunc  I  ih  ii  statical  ^^ucBtion,  dc- 
pcndiog  on  eimple  ronditiona ;  but  tiiat  the  queetion.  What 
force  will  more  the  wagon  ?  retjuires  additional  coiifiidcni- 
tiona  to  bo  introduced. 

In  Chapter  iv,  of  this  Book,  I  bavp  noticed  Stevio'a 
(■hare  in  the  re-diHcovery  (if  the  Lawv  i>/  th»  Equilt- 
Mtan  of  Fluids.  H»  dietinotly  explains  the  hydrogiatic 
paradom^  of  which  the  diBcoverj  ia  generally  ascribed  to 
Pascat. 

I  must  ineert  here  the  subetance  of  a  note  wliich  £ 
added  to  this  Book  in  the  first  edition.  Leonardo  da 
Vinci  must  have  a  place  among  the  discoverei-s  of  tho 
Cond]tioni<  of  Equilibrium  of  Oblique  Forces.  Ho  pub- 
lished no  work  on  this  pubjetit;  but  extracts  frotit  hie 
manuscripti)  have  been  published  by  Venturi,  lu  liis  Ee»ai 
Mr  Ut  (hvmp^f  Phytieo-MatfUtaati^wi  de  Leonard  da 
Vinti,  aree  ties  Frcu/rmita  tii-t's  dn  se3  M<tnw<rrite  ajipuHh 
iTIlalie.  Parts,  !7!*7 :  unJ  by  Libri,  in  hie  Hist,  des  Se. 
M<ith.  ni  /fd/iV,  I83!l.  I  hive  also  myself  examined  theac 
manuscripts  in  the  Royal  Library*  at  Paris. 

it  appears  that,  as  oarly  a&  14H9,  Leonardo  gave  a 
perfectly  correct  etatement  of  the  proportion  of  the  forees 
exerted  ty  a  conl  which  acta  obliquely  and  supports  a 
weight  on  a  lever.  Ho  distinguislios  between  the  real 
lever,  and  the  potenti'il  hters,  that  ia,  the  perpc-ndicnlars 
drAwn  from  the  center  upon  the  directions  of  the  forces. 
This  is  quite  sound  and  luititifactory.  These  ^Hews  must  in 
sll  probability  have  been  sufficiently  promulgated  iq  Italy 
to  influence  the  speculations  of  Galileo  ;  whoso  reaeonings 

tetpeoting  the  lever  much  resemble  those  of  Leonardo 

D»  Vinci  also  nntidpatcd  Galileo  in  agsert'mg  that  thu  time 
of  deec«nt  of  a  body  donn  an  inclined  plane  is  to  the  tiiuo 
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of  descent  down  its  v^riic^  length  in  tlie  proportion  of  tile 
length  of  the  plane  to  the  height.  But  this  c&nnot,  I 
think,  have  been  more  than  a  gue^  :  there  is  uo  vestige 
a  proof  given. 

(h.)  p.  52.  The  followng  remarks  of  M.  Libri  appei 
to  be  just.  After  giWng  on  account  of  the  doctrines  put 
forth  on  the  subject  of  Astronomy,  Alechanice,  and  other 
brnncheg  of  science,  by  Leonardo  da  Vini;i,  Fracaatoro, 
Maurolycua,  Command inue,  Benedetti,  he  adds  ;  (/lUi.  de» 
Sciences  MatJitmaiiqu^  en  Italie,  t.  in.  p.  131;)  "This 
short  analysis  is  suQicient  to  show  that,  at  the  period  at 
wliich  we  are  arrived,  Aristotle  no  longer  reigned  unques- 
tioned in  the  Italian  Schools.  If  we  had  to  write  thd 
history  of  philosophy,  we  should  prove  hy  a  multitude  (^ 
facts  that  it  was  the  Italiftna  who  overthrew  the  ancient 
idol  of  phlloaophers.  Men  go  on  incessantly  repeating  that 
the  struggle  was  begun  by  Descartes,  and  they  proolaiin 
him  the  legislator  of  roodern  philoBophere.  But  when  wo 
examine  the  philosophical  writings  of  FracafitorOt  of  Bene- 
detti,  of  Cardan,  and  abovo  all,  those  of  Galileo ;  when  we 
gee  on  all  sides  energetic  protc^td  raised  against  the  peri- 
patetic doctrines  ;  wo  aek,  what  there  remained  for  the 
inventor  of  vorticw  to  do,  in  overturning  the  natural  phi- 
loBophy  of  Aristotle  I  In  addition  to  this,  the  memorablo 
labours  of  the  School  of  Corcnza-,  of  Telesius,  of  Giordano 
Bruno,  of  Campanella ;  the  ■writings  of  Patricius,  who  was, 
besides,  a  good  geometer;  of  Nizoliua,  whom  Leibnitz 
esteemed  so  highly,  and  of  the  other  metaphysicians  of  ths 
same  epoch ; — prove  that  the  ancient  philosophy  had 
already  lost  its  cinpire  on  that  Eidd  the  Alps,  when  Des- 
cartea  threw  hinisell'upon  the  enemy  now  put  to  the  rout. 
The  yoke  was  caat  off  in  Italy,  and  all  Europe  had  oply  to 
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fdlow  the  exajDple,  without  its  being  neceaGnry  to  give  a 
new  impulee  to  real  soLence.'" 

In  England,  wo  are  accustomed  to  hear  Francis  Bacon, 
rather  than  Descartes,  spoken  of  m  the  first  great  anta- 
gonist of  the  Aristotelian  scboole,  And  thd  legislator  of 
modem  philosophy'.  But  it  is  true,  both  of  one  and  the 
other,  that  the  ovortlirow  of  the  ancient  ayetem  had  been 
efiectively  begun  before  their  time  by  the  practical  dis- 
coverers here  mentioned,  and  othere  who,  hy  experiment 
and  reaaoning^  established  truths  inconsietent  with  the  f9- 
ceiired  Aristotelian  doctrinoe.  Gilbert  in  England,  Kepler 
in  Germany,  na  well  as  Benedetti  and  Galileo  in  Italy,  gave 
a  powerful  impulse  to  the  cause  of  real  knowledge,  before 
the  influence  of  Bacon  and  Dcecartee  had  produced  any 
gener&l  cifect.  What  Bacon  reaJIy  did  was  this; — that 
by  the  august  image  which  he  presented  of  a  future  Phi- 
losophy, the  rival  of  the  Aristotelian,  and  far  more  poiver- 
ful  and  extensive,  he  drew  to  it  the  affections  and  hopes  of 
all  men  of  comprehensive  and  vigorous  minds,  as  well  as 
of  those  who  attended  to  special  trains  of  discovery,  He 
announced  a  New  Method,  not  merely  a  correction  of 
vpecul  current  errours  ;  he  thus  converted  the  loBurreo- 
tioa  into  a  Kevolution>  and  established  a  new  philosophical 
Dynasty.  Descartes  had,  in  some  degree,  the  same  pur- 
pow ;  and,  in  addition  to  this,  he  not  only  proclaimed  him- 
self the  author  of  a  New  Method,  but  professed  to  give  a 
complete  System  of  the  results  of  the  Method.  His  phy- 
sical philosophy  was  put  forth  as  complete  and  demon&tra- 
tire,  and  thus  involved  the  vices  of  the  ancient  doginatiani . 
Telesiua  and  Canipanella  had  also  grand  notions  of  an 
entire  reform  in  the  method  of  philosophizing,  as  I  have 
noticed  in  the  Phiheaj}hif  of  the  Inductive  Sciencee,  Book  xii. 
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(c.)  p.  72.  The  Hydrodynamical  problema  refetrt'd 
to  in  the  text  are,  the  laws  of  a  fluid  issuing  from  a,  vessel,' 
the  l;iwa  of  the  motion  of  water  in  pipes,  canals,  and 
rivera,  and  the  laws  of  the  rcsiatance  of  Huide.  To  tbese 
may  be  added,  aa  an  lijdrodynaniical  problem  important 
in  theory,  in  experiment,  and  in  the  comparison  of  the  two, 
tho  laws  of  waves.  Newton  gave,  in  the  Prindpiay  an  ex- 
planation of  the  waves  of  water  (Lib.  ii.  Prop.  44,)  which 
appears  to  proceed  upon  on  erroneous  view  of  tlie  nature 
of  the  motion  of  the  flui<l :  but  in  his  solution  of  the  pn>« 
blem  of  sound,  appeared,  for  the  first  time,  a  correct  view 
of  tho  propagation  of  an  miduUtioii  in  a  fluid.  The  his- 
torj'  of  this  Bubjcct,  as  bearing  upon  the  theory  of  Bound, 
IB  given  in  Book  viii. :  but  I  may  here  remark,  that  the 
laws  of  the  motior*  of  wavea  bavo  been  pursued  oxperi> 
mentally  hy  various  persons,  as  Bremontier  {Recherck^B  SJW 
U  Mwivement  des  Ondes,  1809),  Emy  (/>«  MouTmnent  dm 
OudM,  1831),  the  Webers  {WellinieWe,  1825);  and  by 
Mr.  Scott  Kus&ell  (Rejioris  o/  fits  British  Asaociation, 
1844!).  The  analytical  theory  has  been  carrietl  on  b 
Poiflsoti,  Cauchy,  and,  among  ourselves,  by  Prof,  Kelhind 
{Edin.  2Van6.),  and  Mr.  Airy  (in  the  article  Tidee,  in  the  ^ 
Encyehfict^dia  Metrapolitana).  And  though  theory  and  ^Hi 
experiment  have  Dot  yet  been  brought  into  complete 
accordance,  ^jeat  progress  haa  teen  made  in  that  work, 
and  the  remaining  chasm  between  the  two  ib  manifestly  ^y 
due  only  to  the  iQCompleteueas  of  both.  Hj 

(d.)  p.  107.  In  the  first  edition  of  this  History,  I  had 
ascribed  to  Lagrange  the  invention  of  the  Metliod  of 
Variation  of  Eletaente  in  the  theory  of  PcrfcurhatioDis. 
But  justice  to  Euler  requires  that  we  should  aeslgn  this 
difltinctlou  to  him;  at  lesat,  next  to  Newton,  whoso  mode 
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of  repireseDtiDg  Lho  patli^  of  bodies  by  tneane  of  a.  RetvlcinQ 
Orbitf  in  the  Ninth  Section  of  the  Principia,  may  be  con- 
siderod  as  an  anticipation  of  the  method  of  variation  of 
eWmenLa.  In  the  fifth  volume  of  tho  Mvcanu/ue  Ctleste, 
Uvre  XV.  p.  303,  is  an  aliHtract  of  Euler'e  paper  of  I74if ; 
where  Luplavu  adds,  "  Cmt  \^  preouer  eseui  da  la  motliixle 
de  la  variiition  d«(t  constantee  arbitrairee."'  And  in  page 
310  i«  an  abstr^^t  of  the  pa]>cr  of  17o6 :  and  speaking  of 
the  method,  Laplace  sajs,  '-  It  consists  iu  rcgardiii^  the 
elonieots  of  the  olliptical  motion  as  variable  in  virtue  nf 
the  perturbing  forces.  Those  elements  are,  1^  the  axis 
aujor ;  2.  the  epoch  of  the  btidy  being  at  the  apae ;  3, 
the  execntricity ;  4,  the  movement  of  the  iipso  ;  5,  the 
inclination;  €.  Xho  longitude  of  tho  node:"  and  ha  tlien 
proceeds,  to  show  how  Euler  did  this.  It  \e  ptmsible  that 
Lagrange  knew  nothing  of  Eutor's  paper.  See  MSe.  Oil. 
vol.  V.  p.  S12.  But  Eulcr'fi  conception  and  troatinont  of 
the  method  are  complete,  bo  that  he  must  be  looked  upon 
as  the  author  of  it. 

(s.)  p.  109.  Although  the  analytical  calculiitione  of  the 
great  mathenuiticiaiis  of  the  last  century  had  determined, 
in  a  demoastrativG  miinner,  a  va^t  series  of  inequalities  to 
which  the  motions  of  the  aun,  moon,  and  ]>lanets,  were 
subject  in  virtue  of  their  mutual  attraction,  there  were 
Btil]  unBatisfaetory  points  in  the  Bolutions  tliUB  given  of  the 
great  mechanical  probbme  euggested  by  the  Syatem  of  the 
Universe.  One  of  these  points  was  the  want  of  any  evident 
niechanie&l  significance  in  the  aucecssive  members  of  these 
series.  Lindenau  relates  that  Lagrange,  near  the  end  of 
his  life,  expresst-d  his  sorrow  that  the  methods  of  approxi- 
mation employed  in  pliygie:il  astronomy  rested  on  arbitrary 
processes,  and  nut  un  any  insight  into  tht-  n^Eults  of  uiectia- 
VOL.  II.  K 
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oioal  action.  But  somethiag  wsfi  subsequently  done  to 
remove  tho  ground  of  thia  complaint.  In  1818,  Gauea 
pointed  out  thut  eoculur  equations  may  be  conceived  to 
result  from  the  disturbing  body  being  di^ributed  along  itd 
orbit  ao  as  to  form  a  ring,  and  thus  made  tlie  result  con- 
ceivable more  distinctly  than  as  a  mere  result  of  calcula- 
tion. And  it  appears  to  me  that  Profeeaor  Airy  "a  treaties 
entitled  Gravitation,  published  at  Cambridge  in  1834,  is 
uf  great  value  in  supplying  similar  modes  of  coaceptioa 
with  regard  to  the  mechanical  origin  of  many  of  the  prin- 
cipal inequalltiea  of  the  eolar  ayatem. 

Besael  in  1824,  and  Hansen  in  1838,  published  vorkfl 
which  are  considered  aa  belonging,  along  with  those  of 
GauBs,  to  a  new  aera  in  phyaical  astronomy.  {Jbhand. 
dtr  A/cad.  d,  Wiamtach.  nt  Berlin,  1824;  and  Bisijum- 
tianss  Circa  Th^orktvt  Pertardattonum,  See  Jahn>  Gesck. 
der  Astron.  p.  84.)  Gauss'a  Theoria  Motuum  Corporum 
Cele^imn,  which  had  LAJande.e  medal  aiedgncd  to  it  by 
the  French  Institute,  b&d  already  (1810)  resolved  all 
problems  concerning  the  determinadoQ  of  the  place  of  a 
planet  or  comet  in  its  orbit  in  function  of  the  elements. 
The  value  of  Hanseo^e.  labours  rcepecting  the  Perturba- 
tions  of  tho  PUnetB  waa  recognized  by  the  Aetronomical 
Sooioty  of  London,  which  awarded  to  them  its  gold  medal. 

The  invcstigatiouH  of  M.  Damoieeau,  and  of  MM. 
Plana  and  Carlini.  on  the  Frobtem  of  the  Lunar  Theory, 
followed  nearly  the  same  ooure«  iis  those  of  their  prede- 
oesBorB.  In  these,  as  in  the  Mecaniqut  CiU^,  and  in 
preooding  works  on  the  same  subject,  the  moon's  oo-or- 
dinate«  (time»  radius  vector  and  latitude)  were  expressed 
in  Function  of  her  true  longitude.  The  integratioiu  were 
effected    in   serim,  and   tboi   by  reversion  of  the  serie^t 
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the  longitude  was  expressod  m  function  of  the  tiiiiu';  atid 
tbeu  iu  the  same  manner  the  otber  two  co-OTdinatcfi. 
But  Sir  John  Lubbock  and  M.  Pontx-coiilant  have  made 
tilt:  mean  longitude  of  the  moon,  that  h,  the  time,  the 
independent  v^irJable,  and  liavG  e]i:[ircseed  the  moon's 
co-ordinatce  in  terms  of  siaes  and  cosines  of  angles  in- 
creaBing  proportionally  to  the  time.  And  this  m<;thod 
has  beeu  adoptal  by  M-  i'oiaeon  (Msm.  Inst.  xiii.  J  835, 
p.  212).  M.  Diuuoiseau,  hke  Laplace  and  Clairaut,  hue 
deduced  tfa«  succesiBive  coefiicienta  of  the  lunar  iaequalitiee 
bj  Dumerical  equatloos.  But  M.  Plana  expreesee  ex- 
plicitly each  coeffiirient  in  general  terms  of  the  letters 
expressing'  the  const-inte  of  the  problem,  arranging  them 
w5cording  to  the  order  of  the  quantities,  and  substi- 
tuting numbers  at  the  end  of  the  operation  only.  By 
attending  to  this  arragement,  MM.  Lubbock  nnd  Pon- 
tecouiant  have  verified  or  corrected  a  large  portion  of 
tlie  terms  contained  in  the  investigations  of  MM.  Da- 
moiseau  and  Plana.  Sir  John  Lubbock  has  calculated 
the  polar  >o>(M>rdii>atea  of  the  moon  directly;  M.  Poisson, 
on  the  other  hand,  ha«  obtaiaed  the  variable  olllptical 
elements;  M,  Ponteeoutant  conoeivos  that  the  method  of 
variation  of  arbitrary  ennatants  niay  moet  conveniently 
bo  reserved  for  Bccular  inequalitie«  and  incqualiticfi  of  long 
period*. 

M  M,  Lubhoeb  n-nd  Pontecoulant  have  made  the 
mode  of  treating  the  Lunar  Theory  and  the  Planetary 
Theory  agree  with  each  other,  instead  of  following  two 
ditferent  paths  in  the  ealcuUtio^  of  the  two  problems, 
ttliloh   hu<il   prt^viously   been   done, 

Pnif.  Hanson,  also,  in  his  Fnndammita  Numi  Inveeti- 
^ionie  OrMtw  vera  ijuam  Luna  pidmtrat  (Golliiv,  1838) 
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gives  a  general  method,  including  the  Lunar  Theory  and 
the  Planetary  Theory  as  two  speciaJ  caaes.  To  this  'm 
unnexed  a  solution  of  the  Problem  0/  Four  Bodt/it. 

I  am  here  speaking  of  the  Lunar  and  PliLnetary 
Theories  as  Mechanical  Probleme  only.  Connected  with 
this  subject,  I  wiU  not  omit  to  notice  a  very  general 
and  beautiful  method  of  aolving  problems  respcpting  the 
motion  of  eystema  of  mutu&lly  attracting  b^xlif^s  given  by 
Sir  W.  R.  Hamilton,  in  the  Philosophical  Traneadwax  for 
1834-5,  ("■On  a  General  Method  in  DynamicB").  His 
method  coueiate  in  investigating  the  Principal  Fttiurtion 
of  the  co-ordinates  of  the  bodiee ;  this  function  being 
one,  by  the  differentiation  of  which  the  co-ordinates  of 
the  bodice  of  the  system  may  be  found.  Moreover,  an 
approximate  value  of  this  function  being  obtained,  the 
same  formuhe  supply  a  means  of  successive  approximation 
without  limit. 

I  may  itiention  hero  that  a  new  abstract  term,  intri>- 
duced  because  a  general  mofihanical  principle  can  be 
expressed  by  meang  of  it,  has  lately  been  much  employed 
by  the  mathematical  engineers  of  France,  MM.  Ponce- 
let,  Navier,  Morin,  &c.  The  abstract  term  is  Trarail, 
which  has  been  translated  l<ib<niring  fatct ;  and  the  prin- 
ciple which  gives  it  its  value,  and  makes  it  useful  in  the 
solution  of  problems,  is  this ; — tliat  the  quantity  of 
labouring  force  which  will  overcome  a  giv^n  resistance,  or 
produce  a  given  effect,  is  the  same  by  whatever  mechani- 
cal contrivances  the  force  be  applied.  This  principle  is 
mathematically  equivalent  to  the  coneervation  of  rw  vi^a.. 
See  PonfM-'lot's  Afecatiitjue  Indiuitrtelld,  &c. 
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Descend  fttnn  heaven,  Urania,  by  that  uune 
If  rightly  tliou  art  called,  whose  voice  divine 
Following,  above  the  Olympian  hill  I  soar, 
Above  the  flight  of  Pegasean  wing. 
The  meaning,  not  the  name,  I  call,  for  thou 
Nor  of  the  mosea  nine,  nor  on  the  top 
Of  old  Olympus  dwell'st:  but  heaveoly-bom, 
Before  the  hills  appeared,  or  fountain  flowed. 
Thou  with  Eternal  Wisdom  didst  converse, 
IVisdom,  thy  sister. 

PriradiM  IjoH,  B.  vii. 
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CHAPTER  1. 
Prelude  to  the  Inductive  Epoch  of  Newton. 


E  have  now  to  contemplate  the  last  and 
most  splendid  period  of  the  progress  of 
Astronomy ; — the  grand  completion  of  the  history 
of  the  most  ancient  and  prosperous  province  of 
human  knowledge  ;• — the  steps  which  elevated  this 
science  to  an  unrivalled  eminence  ahove  other 
sciences; — the  first  great  example  of  a  wide  and 
complex  assemblage  of  phenomena  indubitably 
traced  to  their  single  simple  cause; — in  short,  the 
first  example  of  the  formation  of  a  perfect  Induc- 
tive Science. 

In  this,  as  in  other  considerable  advances  in 
Teal  science,  the  complete  disclosure  of  the  new 
trutlis  by  the  principal  discoverer,  was  preceded  by 
movements  and  glimpses,  by  trials,  seekings,  and 
guesses  on  the  part  of  others ;  by  indications,  in 
short,  that  men's  minds  were  already  carried  by 
their  intellectual  impulses  in  the  direction  in  which 
the  truth  lay,  and  were  beginning  to  detect  its 
nature.  In  a  case  so  important  and  interesting  as 
this,  it  is  more  peculiarly  proper  to  give  some  vjew 
of  this  prelude  to  the  epoch  of  the  full  discovery. 

[Fmims  linron.)  That  Astronomy  should  be- 
come   Physical   Astronomy, — that   the    motions  of 
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the  heavenly  bodies  should  be  traced  to  their  cause^j 
as  well  as  reduced  to  rule,— was  felt  by  all  persons' 
of  active  and  piiilosophical  minds  as  a  pressing  and 
irresistible  need,  at  the  time  of  which  we  speak. 
We  have  already  seen  how  much  this  feeling  had! 
to  do  in  impelling  Kepler  to  the  train  of  laborious] 
researcli  by  which  he  made  his  discoveries.  Perhaj 
it  may  be  interestiug  to  point  out  how  strongly 
this  persuasion  of  the  necessity  of  giving-  a  phy- 
sical character  to  astronomy,  had  taken  possession 
of  the  mind  of  Bacon,  who,  looiiing  at  the  pro- 
gress of  knowledge  with  a  more  comprehensive 
spirit,  and  from  a  higher  point  of  view  than  Kepler, 
could  have  uone  of  his  astronoiDical  prejudice^^ 
since  on  that  subject  he  was  of  a  different  school, 
and  of  far  inferior  knowledge.  In  his  "Description 
of  the  Intellectual  Globe,"  Bacon  says  that  while 
Astronomy  had,  up  to  that  time,  had  it  for  hei 
business,  to  inquire  into  the  rules  of  the  heavenly, 
motions,,  and  Philosophy,  into  their  causes,  they 
had  both  so  far  worked  without  due  appreciation  (tli^ 
their  respective  tasks;  Philosophy  neglecting  fae 
and  Astronomy  claiming  assent  to  her  niathcm 
tical  hypotheses,  which  ought  to  be  considered 
mere  steps  of  calculation.  "Since,  therefore,"  h 
continues',  "each  science  has  hitherto  been  a  slight 
and  ill-constructed  thing,  we  must  assuredly  take 
a  firmer  stand ;  our  ground  being,  that  tiiese  two 
subjects,  which  on  account  of  the  narrowness  of 
'  Vol  ix,  221. 
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men's  views  and  the  traditions  of  professors  have 
been  so  long  dissevered,  are,  in  faet,  one  and  the 
same  thing,  and  compose  one  body  of  science."  It 
must  be  allowed  that,  however  erroneous  might  be 
the  points  of  Bacon's  positive  astronomical  creed, 
these  general  views  of  the  nature  and  position  of 
the  science  tire  most  sound  and  philosophical, 

(Kepler.)  In  his  attempts  to  suggest  a  right 
physical  view  of  the  starry  heavens  and  their  rela- 
tion to  the  earth,  Bacon  failed,  along  with  all  the 
writers  of  his  time.  It  has  already  been  stated 
that  the  main  cause  of  this  failure  was  the  want 
of  a  knowledge  of  the  true  theory  of  motion ; — 
the  Don-existence  of  the  science  of  Dynamics.  At 
the  time  of  Bacon  and  Kepler,  it  was  only  just 
beginning  to  be  possible  to  trace  the  heavenly 
motions  to  the  laws  of  earthly  motion,  because  the 
latter  were  only  just  then  divulged.  Accordingly, 
we  have  seen  that  the  whole  of  Kepler's  physical 
speculations  proceed  upon  an  ignorance  of  the 
first  law  of  motion,  and  assume  it  to  be  the  main 
problem  of  the  physical  astronomer  to  assign  the 
cause  which  kfeps  itp  the  motions  of  the  planets. 
Kepler's  doctrine  is,  that  a  certain  Force  or  Virtue 
resides  in  the  sun,  by  which  all  bodies  within  his 
influence  are  carried  round  him.  He  illustrates' 
the  nature  of  this  Virtue  in  various  ways,  com- 
paring it  to  Light,  and  to  the  Magnetic  Power, 
■fthich  it  resembles  in  the  circumstances  of  operat- 
•  Df  SttM  MartiM,  P.  3,  o.  x«iv. 
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ing  at  a  distance,  ani.1  also  in  exercising  a  feeblei 
influence  as  the  distance  becomes  greater.  But  it 
was  obvious  that  these  comparisons  were  very  im- 
perfect ;  for  they  do  not  explain  how  the  sun  pro- 
duces in  a  body  at  a  distance  a  motion  atkimrt, 
the  line  of  emanation;  and  though  Keplef  iutrc 
duced  an  assumed  rotation  of  the  sun  on  his  axil 
as  the  cause  of  this  effect,  that  such  a  cause  could 
produce  the  result  could  not  be  established  by  anjj 
analogy  of  terrestrial  motions.  But  another  image^ 
to  which  he  referred,  suggested  a  much  more  sub- 
stantial and  conceivable  kind  of  mechanical  action 
by  which  the  celestial  motions  might  be  produced, 
namely,  a  current  of  fluid  matter  circulating  round 
the  sun,  and  carrying  the  planet  with  it.  like  a 
boat  In  a  stream.  In  the  Table  of  Contents  oi'  the 
work  on  the  planet  Mars,  the  purport  of  the; 
chapter  to  which  I  have  alluded  is  stated  as  fol 
lows :  "  A  physical  speculation,  in  which  it  is  d 
monstrated  that  the  vehicle  of  that  Virtue  which 
urges  the  planets,  circulates  tlurough  the  spaces  of 
the  universe  after  the  maimer  of  a  river  or  whirl- 
pool {VDrtew,)  moving  quicker  than  the  planets." 
I  think  it  will  be  found,  by  any  one  who  reads 
Kepler's  phrases  concerning  the  moviiiff  for^^-^ 
magnetic  nature, — tjte  immaterial  virtur  of  t 
sun.  that  they  convoy  no  distinct  conception,  exce 
so  far  as  they  are  interpreted  by  the  expressions 
just  quoted.  A  vortex  of  fluid  constantly  whirling 
round  the  sun,  kept  In  this  whirling  motion  b 
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llie  rotation  of  the  sun  liiiuseLC  and  carrying  the 
planets  round  the  suh  by  its  revolutioji,  as  a  whirl- 
[M»ol  carries  straws,  could  bo  readily  understood; 
ami  tliuugh  it  appears  to  have  been  held  by  Kepler 
that  this  current  and  vurtes  was  iiumaterial.  he 
ascribes  to  it  the  power  of  overeonung  the  iner- 
tia of  bodios,  and  of  putting  them  and  keeping 
them  in  motion,  the  only  material  properties  with 
which  he  had  anything  to  do.  Kepler's  physi- 
cal reasonings,  therefore,  amount,  in  fact,  to  the 
doctrine  of  vortices  round  the  central  bodies,  and 
are  occasionally  so  stated  by  himself;  though  by 
asserting  these  vortices  to  be  "an  immaterial 
species,"  and  by  the  fickleness  and  variety  of  ius 
phraseology  on  the  subject,  he  leaves  this  theory 
in  some  confusion ; — a  proceeding,  indeed,  which 
both  bis  want  of  sound  mechanical  conceptions, 
and  his  busy  and  inventive  fancy,  might  have  led 
us  to  expect.  Nor,  we  may  venture  to  say,  was  it 
easy  for  any  one  at  Kepler  s  time  to  devise  a  more 
plausible  theory  than  the  theory  of  vortices  might 
have  been  made.  It  was  only  with  the  formation 
and  prngrcss  of  the  science  of  nieehaiiics  that  this 
theory  liecame  untenable. 

(D^carlt^.)  But  if  Kepler  might  be  excused. 
VT  indeed  admired,  for  propounding  the  theory  of 
vortices  at  his  time,  the  case  was  different  when 
the  laws  of  motion  had  been  fully  developed,  and 
when  those  who  knew  the  state  of  mechanical 
science  ought  to  have  learned  to  consider  the  mo- 
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tions  of  the  stars  as  a  mechanieal  problem,  subjecti 
to  the  same  conditions  as  other  mechanical  pro-j 
blems,  and  capable  of  the  same  exactness  of  solu- 
tion. And  there  was  an  especial  inconsistency  in 
the  circumstance  of  the  Theory  of  Vortices  being 
put  forwards  by  Descartes,  who  pretended,  or  wa 
asserted  by  his  admirers,  to  have  been  one  of  thej 
discoverers  of  the  true  laws  of  motion.  It  cei 
tainly  shows  both  great  conceit  and  great  shallow-' 
ness,  that  he  should  have  proclaimed  with  much 
pomp  this  crude  invention  of  the  ante-mechanical 
period,  at  the  time  when  the  best  mathematicians^ 
of  Europe,  as  Borelli  in  Italy,  Hooke  and  WaJlis 
in  England,  Iluygbens  in  Holland,  were  patiently 
labouring  to  bring  the  mechanical  problem  of  the 
universe  into  its  most  distinct  form,  in  order  that, 
it  might  be  solved  at  last  and  for  ever. 

I  do   not  mean  to  assert  that   Descartes  boi 
rowed  his  doctrines  from  Kepler,  or  from  any 
his  predecessors ;   for  the  theory  was  sufficiently 
obvious;  and  especially  if  we  suppose  the  inventor 
to  seek  his  suggestions  rather  in  the  casual  ex- 
amples offered  to  the  sense  than  in  the  exact  taws 
of  motion.     Nor  would  it  be  reasonable  to  rob  this^ 
philosopher  of  that  credit,  of  the  plausible  deduc- 
tion of  a  vast  system  from  apparently  simple  prin-** 
oiples.  which,  at  the  time,  was  so  much  admired; 
and  which  undoubtedly  was  the  great  cause  of  the  ^ 
many  converts  to  his  views.     At  the  same  time  weV 
may  venture  to  say  that  a  system  of  doctrine  thus 
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deduced  from  assumed  principles  hj  a  long  chain 
of  reasoning,  and  not  verified  and  confirmed  at  every 
step  hy  detailed  and  exact  facts,  has  hardly  a  chance 
of  containing  any  truth.  Descartes  said  that  he 
should  think  it  little  to  show  how  the  world  is 
constructed,  if  he  could  not  also  show  that  it  must 
of  neeessity  have  been  so  constructed.  The  more 
modest  philosophy  which  has  survived  the  boast- 
ings of  his  school  is  content  to  receive  all  its  know- 
ledge of  facts  from  experience,  and  never  dreams 
of  interposing  its  peremptory  mml  be  when  nature 
is  ready  to  tell  us  what  /*.  The  a  pHuri  philoso- 
pher has,  however,  always  a  strong  feeling  in  his 
favour  among  men.  Tlie  deductive  form  of  his 
speculations  gives  them  something  of  the  charm 
and  the  apparent  certainty  of  pure  mathematics; 
and  while  he  avoids  that  laborious  recurrence  to 
experiments,  and  measures,  and  multiplied  obser^ 
vatiofis,  which  is  irkisome  and  distasteful  to  those 
who  are  impatient  to  grow  wise  at  once,  every  fact 
of  which  the  theory  appears  to  give  an  esplana^ 
tion,  seems  to  be  an  unasked  and  almost  an  in- 
fallible witness  in  its  favour. 

My  business  with  Descartes  here  is  only  with 
Lis  physical  Theory  of  Vortices ;  which,  great  as 
ivas  its  glory  at  one  time,  is  now  utterly  estin- 
jjuished.  It  was  propounded  in  his  Pnncipia  Phi- 
IraophicB.  in  l(J44.  In  order  to  arrive  at  this 
(henry,  he  begins,  as  might  be  expected  of  him.  from 
reasonings  sufficiently  general.     He  lays  it  down  as 
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a  maxim,  in  the  fir&t  sentence  of  his  book,  that 
person  who  seeks  for  trutli  must,  once  in  his  life, 
doubt   of  all  that   he  most   believes.     Couceiving 
himself  thus  to   have   stripped   hirasolf  of  all  his 
belief  on  all  subjects,  in  order  to  resume  that  part 
of  it  which  merits  to  be  retaioed,  be  begins  wit 
his  celebrated  assertion,  "I  think,  therefore  I  am: 
which  appears  to  him  a  certain  and  immoveable 
principle,  by  means  of  which   he  may  proceed  UtM 
sometliiug:   more.      Accordingly,    to    this    he   soon" 
adds  the  idea,  and  hence  the  certain  existence,  of 
God  and  liis  perfections.     He  then  asserts  it  to 
also  manifest,  that  a  vacuum  in  any  part  of  th 
universe  is  impossible;  the  whole  must   be   iill 
with  matter,  and  the  matter  must  be  divided  into 
cciual  angular  parts,  this   being  the   most  simple, 
and  therefore  the  most  natural  supposition^     This 
matter  being  in  motion,  the  parts  are  necessarily 
ground  into  a  spherical  form ;  and  the  corners  thugj 
rubbed  off  (like  filings  or  sawdust)  form  a  second 
and  more  subtle  matter^    There  is,  besides,  a  third 
kind  of  matter,  of  parts  more  coarse  and  less  fitted 
for   motion.      The    first   matter    makes    luminous 
bodies,  as  the  sun,  and  the  fixed  stars ;  the  second 
is  the  transparent  substance  of  the  skies;  the  third 
is   the   material    of  opaque    bodies,    as  the   earth, 
planeta  and  comets.     We  may  suppose,  also^  that 
the  motions  of  these  parts  take  the  form  of  revolv- 
ing circular  currents",  or  rortic-i')!.     By  this  means, 
•  Pri».  p.  m.         '  lb.  11.  m  '  lb.  p.flH.         •  lb.  ji.  61. 
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the  first  matter  will  be  collected  to  the  center  of 
each  vortex^  while  tlie  second,  or  subtle  matter, 
surrounds  it.  and,  by  its  centrifugal  eftort,  consti- 
tutes lig^ht.     The  planets  are  carried  round  the  suu 
by  the  luotinn  of  his  vortex',  each  planet  biding 
at  such  a  distance  from  the  sun  as  to  be  in  a  ]>art 
of  the  vortex  suitable  to  its  solidity  and  mobility. 
The  motions  are  prevented  Irom  being  exactly  cir- 
cular and  rci^pilar  by  various  causes ;  for  instance, 
a  vortex  may  be  pressed   into  an   oval   shape  by 
contiguous    vortices.     The    satellites    are,    in    like 
manner,  carried  round  their  primary  planets  by 
subordinate  vortices;  white  the  comets  have  some- 
times the  liberty  of  gliding  out  of  one  vortex  into 
the  one  next  contiguous,  and  thus  travelling  in  a 
sinuous  course,  from  system  to  system,  through  the 
universe, 

It  is  not  necessary  for  us  to  speak  here  of  the 
entire  deficiency  of  this  system  in  niechanieal  con- 
sistency, and  in  a  correspondency  to  observation  in 
det^ls  and  measures.  Its  general  reception  and 
temporary  sway,  in  some  instances  even  among 
intelligent  men  and  good  mathematicians,  are  the 
most  remarkable  facts  eounected  with  it  These 
may  be  ascribed,  in  part,  to  the  circumstance  that 
philosophers  were  now  ready  and  eager  for  a  physi- 
cal astronomy  commensurate  with  the  existing  state 
of  knowledge;  they  may  have  been  owing  also,  in 
some  measure,  to  the  character  and   position   of 

'    Trin.  c.  140,  ji.  in. 
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Descartes.    He  was  a  man  of  high  claims  in  everjrl 
department   of  speculation,  and,    in  pure   matlie- 
matics,  a  genuine  inventor  of  great  eminence ; —  a^ 
man  of  family  and  a  soldier; — an  inoffensive  philo-" 
supher,  attacked  and   persecuted  for  his  opinions 
with  great  bigotry  and  fury,  by  a  Dutch  divine, 
Voet ; — the  favourite   and  teacher  of  two  distin- 
guished princesses,  and,  it  is  said,  the  lover  of  one 
of  thorn.     Tliis  was  Elizabeth,  the  daughter  of  the 
Electur  Frederick,  and  consequently  grand-daughter 
of  our  James  the  First.     His  other  royal  disciple, 
the  celebrated  Christina  of  Sweden,  showed  her  zeal 
for  his  instructions  by  appointing  the  hour  of  five 
in  the  morning  for  their  interviews.     Tliis,  in  the 
climate  of  Sweden,  and  in  thewinter,  was  too  severe  J 
a  trial  for  the  constitution  of  the  philosopher,  born  " 
in  the  sunny  valley  of  the  Loire ;  and,  after  a  short 
residence  at  Stockholm,  he  died  of  an  inflammatioa  i| 
of  the  chest  in  1650.     He  always  kept  up  an  active 
correspondence  with  his  friend  Mersenne,  who  wasfl 
called,  by  some  of  the  Parisians,  "  the  Resident  of 
Descartes  at  Paris;"  and  who  informed  him  of  all  that 
was  done  in  the  world  of  science.     It  is  said  that  he 
at  first  sent  to  Mersenne  an  account  of  a  system  of 
the  universe  which  he  had  devised,  which  went  on 
the  assumption  of  a  vacuum ;  Mersenne  informed 
him  that  the  racnum  was  no  longer  the  fashion  at 
Paris ;   upon  which   he   proceeded  to   remodel   his 
system,  and  to  reestablish  it  on  the  principle  of  a 
plmuw.     Undoubtedly  he  tried  to  avoir!  promulga- 
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ting  opinions  whicli  might  bring  hini  into  trouble. 
He,  on  all  occasions,  endeavoured  to  explain  away 
the  doctrine  of  the  motion  of  the  earth,  so  as  to 
evade  the  scruples  to  which  the  decrees  of  the  pope 
had  given  rise;  and,  in  stating  the  theory  of  vortices, 
he  says",  "There  is  no  doubt  that  the  world  was 
created  at  first  with  all  its  perfection;  neverthe- 
lesa,  it  is  well  to  consider  how  it  might  have  arisen 
from  certain  principles,  although  we  know  that  it 
did  not."  Indeed,  in  the  whole  of  his  philosophy, 
he  appears  to  deserve  the  character  of  being  both 
rash  an<l  cowardly,  "p^isUlanimus  simul  et  andax" 
far  more  than  Aristotle,  to  whose  physical  specula- 
tions Bacon  applies  this  desc^iptioIl^ 

Whatever  the  causes  might  be,  his  system  was 
well  received  and  rapidly  adopted,  Gassendi,  indeed, 
saya  that  he  Ibund  nobody  who  had  the  courage  to 
read  the  Principia  through'"';  but  the  system  was 
sooa  embraced  by  the  younger  professors,  who  were 
eager  to  dispute  in  its  favour.  It  is  said^'  that  the 
University  of  Paris  was  on  the  point  of  publishing 
an  edict  against  these  new  doctrines,  and  was  only 
prevented  from  doing  so  by  a  pasquinade  which  is 
worth  mentioning.  It  was  composed  by  the  poet 
Boileau  (about  1R84),  and  professed  to  be  a  Re- 
quest in  favour  of  Aristotle,  and  an  Edict  is&ued 
from  Mount  Parnassus  in  consequence,    ft  is  obvious 


•  Pri».  p.  fiff, 

•"  Del,  A.  M.  ii.  19.1. 

"  Etie.  Bril.  art.  Carteitianinn, 

VOL,  II. 


Bajpon,  vnL  ix.  p.  230. 


146       HISTORY  OF  PHYSICAL  ASTRONOMY. 


ith 

I 


that,  at  this  time,  the  cause  of  Cartesianism 
looked  uiion  as  the  cause  of  free  inquiry  and  moc 
discovery,  in  opposition  to  that  of  bigotry,  prejudice, 
and  ignorance.  Probably  the  poet  was  far  trom 
being  a  very  severe  or  profound  critic  of  the  truth 
of  such  claims.  "This  petition  of  the  Masters 
Arts,  Professors,  and  Regents  of  the  University 
Paris,  humbly  showeth,  that  it  is  of  public  notoriety 
that  the  sublime  and  incomparable  Aristotle  wi 
without  contest,  the  first  founder  of  the  four  eU 
ments,  fire,  air,  earth,  and  water;  that  he  did, 
special  grace,  accord  unto  them  a  simplicity  which 
belongeth  not  to  them  of  natural  right;"  and  so  00,^1 
"  Nevertheless  since,  a  certain  time  past,  two  indi- 
viduals, named  Reason  and  Experience,  have  leagued 
themselves  together  to  dispute  his  claim  to  the  rank 
which  of  justice  pertains  to  him,  and  have  tried  to 
erect  themselves  a  throne  on  the  ruing  of  his  autho-^| 
rity ;  and,  in  order  the  better  to  gain  their  ends, 
have  excited  certain  factious  spirits,  who,  under  the 
names  of  Cartesians  and  Gassendists,  have  begun  t« 
shake  oft"  the  yoke  of  their  master.  Aristotle;  and,"" 
contemning  his  authority,  with  unexampled  tenae-i 
rity,  would  dispute  the  right  which  he  had  acquired 
of  making  true  para  for  false  and  false  for  true;- 
In  fact  this  production  does  not  exhibit  any  of  thi 
peculiar  tenets  of  Descartes,  altliough,  probably^! 
the  positive  points  of  his  doctrines  obtained  a  foot-' 
ing  in  the  University  of  Paris,  under  the  cover  of 
this   assault   on  his  adversaries.     The    Phys 
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Rohault,  a  zealous  disciple  of  Descartes,  was  pub- 
lished at  Paris  about  1670",  and  was,  for  a  time, 
the  standard  book  for  students  of  this  subject,  both 
in  France  and  in  England.  I  do  not  here  speak 
of  the  later  defenders  of  the  Cartesian  system,  for. 
in  their  hands,  it  was  much  modified  by  the  strug- 
gle which  it  had  to  maintain  a^^ainst  the  Newtonian 
•lystem. 

We  are  concerned  with  Descartes  and  his  school 
only  as  they  fomi  part  of  the  picture  of  the  intel- 
lectual condition  of  Europe  just  before  the  publi- 
cation of  Newton's  discoveries.  Beyond  this,  the 
Cartesian  speculations  are  without  value.  When,  in- 
deed, Descartes'  countrymen  could  no  longer  rcfiise 
their  assent  and  admiration  to  the  Newtonian  theory, 
it  came  to  be  the  fashion  among  them  to  say  that 
Descartes  had  been  the  necessary  precursor  of  New- 
ton ;  and  to  adopt  a  favourite  saying  of  Leibnitz, 
that  the  Cartesian  pliilosophy  was  the  antechamber 
of  Truth.  Vet  this  comparison  is  far  from  being 
happy :  it"  appeared  rather  as  if  these  suitors  had 
mistaken  the  door;  for  those  who  first  came  into  the 
presence  of  Truth  herself,  were  those  who  never 
entered  this  imagined  antechamber,  and  those  who 
were  in  the  antechamber  first,  were  the  last  in  pene- 
trating further.  Id  partly  the  same  spirit,  Playfair 
has  noted  it  as  a  service  which  Newton  perhaps 
owed  to  Descartes,  that  "he  had  exhausted  one  of 
the  most  tempting  forms  of  error."     We  shall  see 

"  And  a  flecond  edition  in  1672. 
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soon  that  this  temptation  had  no  attraction  for  those 
who  looked  at  the  problem  in  its  true  light,  as  the 
Italian  and  Eng^lish  philosophers  already  (^d.  Vol- 
taire has  ohserved,  far  more  truly,  that  Newton's 
edifice  rested  on  no  stone  of  Descartes'  founilations. 
He  illustrates  this  by  relating  that  Newton  only  once 
read  the  work  of  Descartes,  and,  in  doing  so,  wrote 
the  word  "  err&rr  repeatedly,  on  the  first  seven  or 
eight  pages;  after  which  he  read  no  more.  This 
volume,  Voltaire  adds,  was,  for  some  time  in  the 
possession  of  Newton's  nephew". 

{Gasseiidi).  Even  in  his  own  country,  the  system 
of  Descartes  was  by  no  means  universally  adopted. 
We  have  seen  that  though  Gassendi  was  coupled 
with  Descartes  as  one  of  the  leaders  of  the  new 
philosophy,  he  was  far  from  admiring  his  work, 
Gasseadi's  own  views  of  the  causes  of  the  motions  of  i 
the  heavenly  bodies  are  not  very  clear,  nor  even  very 
clearly  referrible  to  the  laws  of  mechanics;  although 
he  was  one  of  those  who  had  most  share  in  showing 
that  those  laws  apply  to  astronomical  motions.  In 
a  chapter,  headed^*  ''Quje  sit  motrix  siderum  causa," 
he  reviews  several  opinions;  hut  the  one  which  he 
seems  to  adopt,  is  that  which  ascribes  the  motion  of 
the  celestial  globes  to  certain  fibres,  of  which  the 
action  is  similar  to  that  of  the  muscles  of  animals. 
It  does  not  appear,  therefore,  that  he  had  distinctly 
apprehended,  either  the  continuation  of  the  move- 
ments of  the  planets  by  the  First  Law  of  Motion, 

'*  CarUsuiitun,  Enc  Ptil.      "  Gaasenili,  Opera,  voLi.  p. 639. 
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or  thf  IT  deflection  by  the  Second  Law ; — the  two 
main  steps  on  the  road  to  the  discovery  of  the 
true  forces  by  which  they  ate  made  to  describe  theii- 
iorbits. 

(Leibnitz,  &f:.)     Nor  does  it  appear  that  in  Ger- 
many  mathematicians  had  attained  this  point  of 
viev.     Leibnitz,  as  we  liave  seen,  did  not  assent  to 
vthe  opinions  of  Descartes,  as  containing  the  complete 
■truth ;  and  yet  his  own  news  of  the  physics  of  the 
unirerse  do  not  seem  to  have  any  great  advantage 
over  these.     In  lfi71  he  published  A  vere  pkf/gical 
—^hyjmthHsis,  by  whirh  the.  atnges  of  iti^tit  p/ienomena 
■^rc  deduced //'oifl  u  rert<iin  si^hjie  tinirersat  vioiion 
supposed  in  our  globe : — not  to  he  deapised  either 
by  the  Tyckoiiians  or  th^  Copernicans.   He  supposes 
■  the  particles  of  the  earth  to  have  separate  motions, 
"  -which  produce  collisions,  and  thus  propagate "'  an 
"agitation  of  the  ethyr,"  radiating  in  all  directions; 
and",  "by  the  rotation  of  the  sun  on  its  axis,  concur- 
ring with  its  rectilinear  action  on  the  earth,  arises 
the  motion  of  the  earth  about  the  sxin."     The  other 
motions  of  the  solar  system  arc,  as  we  might  expect, 
accounted  for  in  a  similar  manner;  but  it  appears 
difficult  to  invest  such  a  hypothesis  with  any  me- 
ehauical  consistency. 

John  Bemouili  maintained  to  the  last  the  Carte- 
sian hypothesis,  though  with  several  modifications  of 
his  own,  and  evon  pretended  to  apply  niathematieal 
calculation  to  his  principles.    This,  however,  belongs 

"  Art.  5.  "  ikU. 
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to  a  later  period  of  our  history ;  to  the  reception,_ 
not  to  the  prelude,  of  the  Newtonian  tlieory. 

(Boj'eUi.)     In  Italy,  Holland,  and  England,  mi 
thematicians  appear  to  have  looked    much  more' 
steadily  at  the  problem  of  the  celestial  motions,  by 
the  light  which  the  discovery  of  the  real  laws  of 
motioa  threw  vipon  it.     Id  Borelli's  Theories  of  the 
Mediceau  Planets,  printed  at  Florence  in  1666,  w^J 
have  already  a  conception  of  the  nature  of  central 
action,  in  which  true  notions  begin  to  appear.     TIio 
attraction  of  a  body  upon  another  which  revolves 
about  it   is   spoken  ot^   and   likened  to  magnetic 
action ;   not  converting  the  attracting  force  into 
transverse  force,  according  to  the  erroneous  vici 
of  Kepler,  but  taking  it  as  a  tendency  of  the  bodit 
to  meet.     "  It  is  manifest,"  says  he^",  "  that  every' 
planet  and  satellite  revolves  round  some  principal 
globe  of  the  universe  as  a  fountain  of  virtue,  which 
so  draws  and  holds  them,  that  they  cannot  by  any 
means  be  separated  from  it.  but  are  compelled  t<M 
follow  it  wherever  it  goes,  in  constant  and  continu- 
ous revolutions."     And,  further  on,  he  describes^i^ 
the  nature  of  the  action,  as  a  matter  of  conjecture" 
indeed,  but  with  remarkable  correctness".     "We 
shall  account  for  these  motions  by  supposing,  that 
which  can  hardly  be  denied,  that  the  planets  have  4H 
certain  natural  appetite  for  uniting  themselves  with 
the  globe  round  which  they  revolve,  and  that  they 
really  tend,  with  all  their  efforts,  to  approach  tOj 
"  Cap.  2.  '"  lb.  11.  "■  p.  47. 


PRELUDE  TO  THE  £POCH  OF  NEWTON.     151 


sueh  globe ;  the  planets,  for  instance,  to  the  suo, 
the  Medicean  Stars  to  Jupiter.  It  is  certain,  also, 
that  circular  motion  gives  a  body  a  tendency  to 
recede  from  the  center  of  such  revolution,  as  we 
(ind  in  a  wheel,  or  a  stone  whirled  in  a  sling.  Let 
us  suppose,  then,  the  planet  to  endeavour  to  ap- 
proach the  sun ;  since,  in  the  mean  time,  it  acquires, 
bv  the  circular  motion,  a  force  to  recede  from  the 
same  central  body,  it  comes  to  pas&,  that  when 
those  tAvo  o]iposite  forces  are  equal,  each  compen- 
sates the  other,  and  the  planet  cannot  go  nearer  to 
the  .sun  nyr  furtlier  from  him  than  a  certain  doter- 
miiiate  space,  and  thus  appears  balanced  and  tloat- 
iu^  About  him," 

This  is  a  very  remarkable  passage ;  but  it  will 
ite  observed,  at  the  same  time,  that  the  author  has 
HO  distinct  conception  of  the  manner  in  which  the 
change  of  direction  of  the  planet's  motion  is  regu- 
lated from  one  instant  to  another:  still  less  do  his 
news  lead  to  any  mode  of  calculating  the  distance 
from  the  central  body  at  which  the  planet  would  be 
thus  balanced,  or  the  space  through  which  it  might 
approach  to  the  center  and  recede  from  it.  There 
is  a  great  interval  from  Borelli's  guesses,  even  to 
Huyghens'  theorems;  and  a  much  greater  to  the 
beginning  of  Newton's  discoveries. 

{England.)  It  is  peculiarly  interesting  to  us  to 
trace  the  gradual  approach  towards  these  disco- 
veries which  took  place  in  the  minds  of  English 
mathematicians:  and  this  we  can  do  with  tolerable 
(iistinctness,     Gilbert,  in   his  work,  fh  MngneUu 
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printed  in  IGOO,  has  only  some  vague  notions  that 
the  magnetic  virtue  of  the  earth  in  some  way  deter*^ 
mines  the  direction  of  the  earth's  axis,  the  rate 
its  diurnal  rotation,  and  that  of  the  revolution 
the  moon  about  it'",  He  died  in  1603,  and,  ia  his, 
posthumous  work,  already  mentioned,  [De  Mam 
nmtro  SuhUmari  Philosophia  nova^  1651,)  we  have| 
already  a  more  distinct  statement  of  the  attractioi 
of  one  body  by  anotlier".  "The  force  which  eni£ 
nates  from  the  moon  reaches  to  the  earth,  and,  in" 
like  manner,  tlie  magnetic  virtue  of  the  earth  per- 
vades the  region  of  the  moon:  both  correspond  and 
coDspire  by  the  joint  aetiou  of  both,  according 
proportion  and  conformity  of  motions :  but  the  ei 
has  more  effect,  in  consequence  of  its  superior  mass;' 
the  earth  attracts  and  repels  the  moon,  and  the 
moon,  within  certain  limits,  the  earth  ;  not  so  as  to 
make  the  bodies  come  together,  as  magnetic  bodioflf 
do,  but  so  that  they  may  go  on  in  a  continuous 
course."  Though  this  phraseology  is  capable  ofl 
representing  a  good  deal  of  the  truth,  it  does  not 
appear  to  liave  been  connected,  in  the  author's 
mind,  with  any  very  definite  notions  of  mechanical 
action  in  detail.  We  may  probably  say  the  same 
Milton's  language : 

Wbat  if  the  sun 

Be  center  to  the  world ;  and  otliei  etiura, 
By  Lis  attrautive  virtue  and  thoir  own 
lucited,  JuHLt;  about  liim  various  loundit? 

Par.  LoTi,  B. 
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Boyle,  about  the  same  period,  seems  to  have 
inclined  to  the  Cartesian  hypothesis.  Thus,  in  order 
to  show  the  advantage  of  the  natural  theology 
which  contemplates  organic  contrivances,  over  that 
which  refers  to  astronomy,  he  remarks,  "it  may  be 
said,  that  in  bodies  inaniniate-%  the  contrivance  is 
very  rarely  so  exquisite  but  that  the  various  motions 
aad  occurrences  of  their  parts  may,  without  much 
improbability,  be  suspected  capable,  after  many 
essays,  to  cast  one  other  into  several  of  those  cir- 
cumvolutions ealled  by  Epicurus,  avaTpotpdi,  and  by 
Descartes,  vartices ;  which  being  once  made,  may 
continue  a  long  time  after  the  manner  esplamed  by 
the  latter."  Neither  Milton  nor  Boyle,  however, 
can  be  supposed  to  have  had  an  exact  knowledge  of 
the  laws  of  mechanics;  and  therefore  they  do  i*ot 
fully  represent  the  views  of  their  mathematical  con- 
temporaries. But  there  arose  about  this  time  a 
group  of  philosophers,  who  began  to  knock  at  the 
door  where  Truth  was  to  be  found,  although  it  was 
left  for  Newton  to  force  it  open.  These  were  the 
founders  of  the  Royal  Society,  Wilkins.  Wallis, 
Ward,  Wren,  Ilooke,  and  others.  The  time  of  the 
beginning  of  the  speculations  and  association  of 
these  men  corresponds  to  the  time  of  the  civil  wars 
between  the  king  and  parliament  in  England ;  and 
it  does  not  appear  a  fanciful  account  of  their  scien- 
tific zeal  and  activity,  to  say,  that  while  they  shared 
the  common   mental    ferment  of  the  times,  they 

"  Sfmw'a  Boyle's  fVurk/i,  ii.  HHI, 
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sought  in  the  calm  and  peaceful  pursuit  of  know 
ledge  a  contrast  to  the  vexatious  and  angry  strug-^' 
gles  which  at  that  time  disturbed  the  repose  of 
society.  It  was  well  if  these  dissensions  produced 
any  good  to  science  to  balance  the  obvious  evils 
which  flowed  from  them.  Gascoigne,  the  inventor 
of  the  micrometer,  a  friend  of  Horrox,  was  killed  in 
the  battle  of  Marston  Moor.  Milburne,  auother 
friend  of  Horrox,  who  like  him  detected  the  erroura 
of  Lansberg's  astronomical  tables,  left  papers  on 
this  subject,  which  were  lost  by  the  coming  of  the 
Scotch  army  into  England  in  1(»39;  in  the  ei^nl  war 
which  ensued,  the  anatomical  collections  of  Ilarvej 
were  plundered  and  destroyed.  Most  of  these  per- 
sons of  whom  I  have  lately  had  to  speak,  wersifl 
involved  in  the  changes  of  fortune  of  the  Common- 
wealth, some  on  one  side  and  some  on  the  other. 
Wilkins  was  made  Warden  of  Wadham  by  the  com- 
mittee of  parliament  appointed  for  reforming  the 
University  of  Oxford;  and  was,  in  1C59,  made 
Master  of  Trinity  College,  Cambridge,  by  Richard 
Cromwell,  but  ejected  thence  the  year  following,™ 
upon  the  restoration  of  the  royal  sway.  Seth  Ward,  " 
who  was  a  Fellow  of  Sidney  College,  Cambridge, 
was  deprived  of  his  Fellowship  by  the  parliamen- 
tary committee;  but  at  a  later  period  {t64a)  he 
took  the  engagement  to  be  faithful  to  the  Common- 
wealtli,  and  became  Savilian  Professor  of  astronomy 
at  Oxford,  Wallis  hold  a  Fellowship  of  Queens' 
College,  Cambridge,   but  vacated   it  by   marriage. 
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He  was  afterwards  much  employed  by  the  royal 
party  in  deciphering  secret  writings,  in  which  art 
he  had  peculiar  skill.  Yet  he  was  appointed  by  the 
parliamentary  commissioners  Savilian  Professor  of 
geometry  at  Oxford,  in  which  situation  he  was  con- 
tinued by  Charles  H.  after  his  restoration.  Wren 
was  somewhat  later,  and  escaped  these  changes. 
He  was  chosen  Fellow  of  All-Souls  in  1652,  and 
succeeded  Ward  as  Savilian  Professor  of  astronomy. 
These  men.  along  with  Boyle  and  several  others, 
formed  themselves  into  a  club,  which  they  called 
the  PhilosophicaK  or  the  Invisible  College ;  and 
met,  from  about  the  year  1645,  sometimes  in  Lon- 
don, and  sometimes  in  Oxford,  according  to  the 
changes  of  fortune  and  residence  of  the  members. 
Ilooke  went  to  Christ  Church,  Oxford,  in  1053, 
where  he  was  patronized  by  Boylo,  Ward,  and 
Wallis;  and  when  the  Philosophical  College  re- 
sumed its  meetings  in  London  after  the  Restoration, 
as  the  Royal  Society,  Hooke  was  made  "curator  of 
experiments."  Halley  was  of  the  next  generation, 
and  comes  after  Newton ;  he  studied  at  Queen's 
College,  Oxford,  in  1673;  but  was  at  first  a  man 
of  some  fortune,  and  not  engaged  in  any  official 
situation.  His  talents  and  zeal,  however,  made 
him  an  active  and  eftective  ally  in  the  promotion 
of  science. 

The  connexion  of  the  persons  of  whom  we  have 
heen  speaking  has  a  bearing  on  our  subject,  for  it 
led,  historically  sju-aking,  to  the  publication  of  New- 


ton's  discoveries  in  physical  astronomy.  Rightly 
to  propose  a  problem  is  no  inconsiderable  step  to  its 
solution ;  and  it  was  undoubtedly  a  great  advance 
towards  the  true  theory  of  the  univorso  to  consider 
the  motion  of  the  planets  round  the  sun  as  a 
mechanical  question,  to  be  solved  by  a  reference  to 
the  laws  of  motion,  and  by  the  use  of  mathematics. 
So  far  the  English  philosophers  appear  to  have 
gone  before  the  time  of  Newton.  Hooke,  indeed, 
when  the  doctrine  of  gravitation  was  published, 
asserted  that  he  had  discovered  it  previously  to 
Newton;  and  though  this  pretension  could  not  be 
maintained,  he  certainly  had  perceived  that  the 
thing  to  be  done  was,  to  determine  the  effect  of 
a  central  force  in  producing  curvilinear  motion; 
which  effect,  as  we  have  already  seen,  he  illustrated 
by  experiment  as  early  as  16(j6.  Hooke  had  also 
spoken  more  clearly  on  this  subject  in  An  Attempt 
to  prove  the  Motion  of  the  Earth  frmn  Ohserrtrtioiig, 
published  in  1G74.  In  this,  he  distinctly  states  that 
the  planets  would  move  in  straight  Hues,  if  they 
were  not  deflected  by  central  forces;  and  that  the 
central  attractive  power  increases  in  approaching- 
the  center  in  certain  degrees,  dependent  on  the  dis- 
tance. "Now  what  these  degrees  are,"  he  adds,  "1 
have  not  yet  experimentally  verified ;"  but  he  ven- 
tures to  promise  to  any  one  who  succeeds  in  this 
undertaking,  a  discovery  of  the  cause  of  the  hea- 
venly motions.  Ue  asserted,  in  conversation,  to 
Halley  and  Wren,  that  he  had  solved  this  problem, 
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but  his  solution  was  never  produced.     The  proposi- 
tion that  the   attractive  force   of  the  sun  varies 
inversely  as  the  square  of  the  distance  from  the 
center,  had  already  been  divined,  if  not  fully  esta- 
blished.    If  the  orbits  of  the  planets  were  circles, 
this  proportion  of  the  forces  might  be  deduced  in 
the  same  manner  as  the  propositions  concerning 
circular  motion,  which  Huyghens  published  in  1073; 
yet   it  does  not  appear  that  Huyghens  made  this 
application   of  his  principles.     Newton,  however, 
had  already  made  this  step  some  years  before  this 
time.     Accordingly,  he  says  in  a  letter  to  Halley, 
on  Hooke's  claim  to  this  discovery",  "When  Iluy- 
genius  put  out   his   /iorolofjiii'm   OsciUatoriiini,  a 
copy  being  presented  to  me,  in  my  letter  of  thanks 
I  gave  those  rules  in  the  end  thereof  a  particular 
commendation  for  their  usefulness  in  computing 
the  forces  of  the  moon  from  the  earth,   and  the 
earth  from  the  sun."     He  says,  moreover,  "I  am 
almost  confident  by  circumstances,  that  Sir  Chris- 
topher Wren  knew  the  duplicate  proportion  when 
!  gave  him  a  visit ;  and  then  Mr.  Hooke,  by  his 
book  Coweta,  will  prove  the  last  of  us  three  that 
knew  it."     Hooke's  Comf>ta  was  published  in  1678. 
These  inferences  were  all  connected  with  Kepler's 
law,  that  the  times  are  in  the  sesquiplicate  ratio 
of  the  major  axes  of  the  orbits.     But  Halley  had 
also  been  led  to  the  duplicate  proportion  by  another 
train  of  reasoning,  namely,  by  considering  the  force 

•»  fli^.  Brit.,  art,  Hooke. 
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of  tlie  suu  as  an  emanation,  which  must  becom^ 
more  feeble  in  proportion  to  the  increased  spherical 
surface  over  which  it  is  tUftiised,  and  therefore 
the  inverse  proportion  of  the  square  of  the  dis 
tances*".  In  this  view  of  the  matter,  however,  th< 
difficulty  was  to  determine  what  would  be  the  mc 
tion  of  a  body  acted  on  by  such  a  force,  when  the 
orbit  is  not  circular  but  oblong.  The  investig*-J 
tion  of  this  case  was  a  problem  which,  we  can 
easily  conceive,  must  have  appeared  of  very  formid- 
able complexity  while  it  was  unsolved,  and  the  first 
of  it&  kind,  Accordingly  Halley,  as  his  biographer 
says,  "finding  himself  unable  to  make  it  out  i: 
any  geometrical  way.  first  applied  to  Mr.  Hooko; 
and  Sir  Christopher  Wren,  and  meeting  with  n 
assistance  from  either  of  them,  he  went  to  Cam- 
bridge in  August,  (1684),  to  Mr,  Newton,  who 
supplied  him  fully  with  what  he  had  so  ardently 
sought." 

A  paper  of  Halleys  in  the  Philosophical  Trans- 
actions for  January,  1686,  professedly  inserted  as 
a  preparation  for  Newton*s  worlt,  contains  some 
arguments  against  the  Cartesian  hypothesis  of  gra- 
vity, which  seem  to  imply  that  Cartesian  opinions 
had  some  footing  among  English  philosophers ;  and 
we  are  told  by  Whiston,  Newton's  successor  in 
his  professorship  at  Cambridge,  that  Cartesianism 
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formed  a  part  of  the  studies  of  that  place.  Indeed, 
Rohault's  Pfiifsics  was  used  as  a  class-book  at  that 
University  long  after  the  time  of  which  we  are 
speaking';  but  the  peculiar  Cartesian  doctrines 
which  it  contained  were  soon  superseded  by  others. 
With  regard,  then,  to  this  part  of  the  discovery, 
tliat  the  force  of  the  sun  follows  the  inverse  dupli- 
cate proportion,  of  the  distances,  we  see  that  several 
other  persons  were  on  the  verge  of  it  at  the  same 
time  with  Newton ;  though  he  alone  possessed  that 
combination  of  distinctness  of  thought  and  power 
of  mathematical  invention,  which  enabled  him  to 
force  his  way  across  the  barrier.  But  another,  and 
so  far  as  we  know,  an  earlier  train  of  thought,  led 
by  a  diflferent  path  to  the  same  result ;  and  it  was 
the  convergence  of  these  two  lines  of  reasoning  that 
brought  the  conclusion  to  men's  minds  with  irre- 
sistible force.  I  speak  now  of  the  identification  of 
the  force  which  retains  the  moon  in  her  orbit  with 
the  force  of  gravity  by  whicb  bodies  fall  at  the 
earth's  surface.  In  this  comparison  Newton  had,  so 
far  as  I  am  aware,  no  forerunner.  We  are  now. 
therefore,  arrived  at  the  point  at  which  the  history 
of  Newton's  great  discovery  properly  begins. 
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CHAPTER  n. 


The  Inductive  Epoch  of  Newton. — Discovery 

ifp  THE  Universal  Gravitation   of  Matter, 

ACCORDING  TO  THE  LaWOF  THE  InVEBSE  SqUARE 

OF  THE  Distance. 

IN  order  that  we  may  the  more  clearly  considi^r 
the  bearing  of  this,  the  greatest  scientific  dis- 
covery ever  made,  we  shall  resolve  it  into  the  par- 
tial propositions  of  which  it  consists.  Of  these  we 
may  enumerate  five.  The  doctrine  of  universal  gra- 
vitation asserts, 

1.  That  the  force  by  which  the  different  planets 
are  attracted  to  the  sun  is  in  the  inverse  proportion 
of  the  squares  of  their  distances ; 

2.  That  the  force  by  which  the  same  planet  is 
attracted  to  the  sun,  in  different  parts  of  its  orbit,  is 
also  in  the  inverse  proportion  of  the  inverse  squares 
of  the  distances ; 

3.  That  the  earth  also  exerts  such  a  force  on 
the  moon,  and  that  this  force  is  identical  with  the 
force  of  yrnvity ; 

4.  That  bodies  thus  act  on  other  bodies,  besides 
those  which  revolve  round  them;  thus,  that  the  sun 
exerts  such  a  force  on  the  moon  and  satellites,  and 
that  the  planets  exert  such  forces  on  (>we  another: 

5.  That  this  force,  thus  exerted  by  the  general 
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BBes  of  the  sun.  earth,  and  planets,  arises  from 
the  attraction  of  each  partide  of  these  masses; 
wliich  attraction  follows  the  above  law.  and  belongs 
to  all  matter  alike. 

The  history  of  the  establishment  of  these  five 
truths  wilt  be  given  in  order.  , 

1.  Sun's  Force  mt  Different  Planets. — With  re- 
gard to  the  first  of  the  above  five  propositions,  that 
the  different  planets  are  attracted  to  the  sun  by  a 
force  which  is  invBrsely  as  the  square  of  the  dis- 
tance, Newton  had  so  far  been  anticipated,  that 
several  persons  had  discovered  it  to  be  true,  or 
nearly  true ;  that  is,  they  had  discovered  that  if  the 
orbits  of  the  planets  were  circles,  the  proportions  of 
the  central  force  to  the  inverse  square  of  the  dis- 
tanct^  would  follow  from  Kepler's  third  law.  of  the 
sesi|uiplicate  proportion  of  the  periodic  times.  As 
we  have  seen,  Huyghens'  theorems  would  have 
proved  this,  if  they  had  been  so  applied ;  Wren 
knew  it;  Hooke  not  only  knew  it,  but  claimed  a 
prior  knowledge  to  Newton ;  and  Halley  had  satis- 
fied himself  that  it  was  at  least  nearly  true,  before 
he  visited  Newton.  Hooke  was  reported  to  Newton 
at  Cambridge,  as  having  applied  to  the  Royal  So- 
ciety to  do  him  justice  with  regard  to  his  claims; 
but  when  Halley  wrote  and  informed  Newton  (in  a 
letter  dated  June  2S,  IfiBfi),  that  Hooke's  conduct 
"  had  been  represented  in  worse  colours  than  it 
ought,"  Newton  inserted  in  his  book  a  notice  of  these 
his  predecessors,  in  order,  as  he  said,  "to  compose 

VOL.  11.  M 


162       HISTORY  OF  PHYSICAL  ASTRONOMY 


the  dispute'."  This  notice  appears  in  a  Scholium  to 
the  fourth  Proposition  of  the  Principia,  which  stat 
the  {»;eneral  law  of  revolutions  in  circles.  "The  case' 
of  the  sixth  corollary,"  Newton  there  says,  "obtains 
in  the  celestial  hodies.  as  haa  been  separately  infer- 
red by  our  countrymen.  Wren,  Hooko,  and  Halley; 
he  soon  after  names  Huygheus,  "  who,  in  his  excel- 
lent treatise  Ik  Hm-oloyio  OscUiat&rio,  compares 
the  force  of  gravity  with  the  centrifugal  forces  of 
revolving  bodies." 

Tlie  two  steps  requisite  for  this  discovery  wer^ 
to  propose  the  motions  of  the  planets  as  simply  a 
mechanical  problem,  and  to  apply  mathematical  rea- 
soning so  as  to  solve  this  probLom,  with  reference  to- 
Kepler's  third  law  considered  as  a  fact.  The  former 
step  was  a  consequence  of  the  meehanieal  discoveries 
of  Galileo  and  his  school;  the  result  of  the  firm  and 
clear  place  which  these  gradually  obtained  in  men's 
minds,  and  of  the  utter  abolition  of  all  the  notions 
of  solid  spheres  by  Kepler.  The  mathematical  step 
required  no  small  mathematical  powers;  as  appears, 
when  we  consider  that  this  was  the  first  example  of 
such  a  problem,  and  that  the  method  of  limits, 
under  all  its  forms,  was  at  this  time  in  its  infancy, 
or  rather,  at  its  birth.  Accordingly,  even  this  step, 
though  much  the  easiest  in  the  path  of  deduction 
no  one  before  Newton  completely  executed. 

2.  Forc^-  in  dij'crenf  Points  of  an  Ori«/.— The 

inference  of  the  law  of  the  force  from  Kepler's  two 

'  Biog,  Sril.  Tolio,  art.  Hoote. 
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laws  concerning  the  elliptical  motion,  was  a  pro- 
blem quite  diiferent  from  the  precedingj  and  much 
more  difficult;  but  the  dispute  with  respect  to 
priority  in  the  two  propositions  was  intermingled. 
Borelli,  in  166G,  had,  as  we  have  seen,  endeavoured 
to  reconcile  the  general  form  of  the  orbit  with  the 
notion  of  a  central  attractive  force,  by  taking  cen- 
te'ifiigai  force  into  the  account;  and  Hooke.  in  1679, 
had  asserted  that  the  result  of  the  law  of  the  inverse 
Square  in  the  force  of  the  earth  would  be  an  ellipse', 
or  a  curve  like  an  ellipse*.  But  it  does  not  appear 
that  this  was  anything  more  than  a  conjecture. 
Haltey  says*  that  •*  Hooke.  in  1683»  told  him  he  had 
demonstrated  all  the  laws  of  the  celestial  motions 
by  the  reciprocally  du])licate  proportion  of  the  force 
of  gravity ;  but  that,  being  olFered  forty  shillings  by 
Sir  Christopher  Wren  to  produce  such  a  demonstra- 
tion, bis  answer  was,  that  he  had  it,  but  would  con- 
ceal it  for  some  time,  that  others^  trying  and  failing, 
might  know  how  to  value  it  when  he  should  make 
it  public."  Halley,  however,  truly  observes,  that 
after  the  publication  of  the  demonstration  in  the 
Prijtcipin,  this  reason  no  longer  held  ;  and  adds, 
"I  have  plainly  told  him,  that  unless  he  produce 
another  differing  demonstration,  and  let  the  world 
judge  of  it,  neither  I  nor  any  one  else  can  be- 
lieve it." 

'  Newton's  Letter,  Bioit.  Brit.,  Honke,  p  2660. 
•  Birch's  Itisl.  fl,  S.,  Watlis's  Life. 
'  £jie.  Brit.,  Hooke,  p.  2660. 
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Newton  allows  that  Hooke's  assertions  in  107: 
gave  occasion  to  liis  investigation  on  this  point  o: 
the  theory.     His  demonstration  Is  contained  in  th 
second  and  third  Sections  of  the  Principia.     He 
first  treats  of  the  general  law  of  central  forces  in 
any  curve ;  and  then,  on  account,  as  he  states,  of 
the  application  to  the  motion    of  the   heavenly 
bodies,  he  treats  of  the  ease  of  force  varying  in- 
versely as  the  square  of  the  distance,  in  a  more 
diffuse  manner. 


I 


Id  this,  as  in  the  former  portion  of  hJsdiseovery^ 
the  two  steps  were,  the  proposing  the  heavenly 
motions  as  a  mechanical  problem,  and  the  solving^ 
this  problem.  Borelli  and  Hooke  had  certainly 
made  the  former  step,  with  considerable  distinct-' 
ness;  but  the  mathematical  solution  required  no; 
common  inventive  power. 

Newton  seems  to  have  been  much  ruffled  by 
Ilooke's  speaking  slightly  of  the  value  of  this  secon 
step ;  and  is  moved  in  return  to  deny  Hooke's  prfr. 
tensions  with  some  asperity*  and  to  assert  his  own. 
He  says,  in  a  letter  to  Halley,  "Borelli  did  some- 

I thing  in  it,  and  wrote  modestly ;  he  (Hooke)  has 
done  nothing;  and  yet  written  in  such  a  way  as  if; 
he  knew  and  had  sufficiently  hinted  all  but  what 
remained  to  be  determined  by  the  drudgery  of  cal- 
culations and  observations;  excusing  himself  from 
that  labour  by  reason  of  his  other  business;  whereas 
he  should  rather  have  excused  himself  by  reason  of 
his 'inability :  for  it  is  very  plain,  by  his  words, 
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knew  not  how  to  go  about  it.  Now  is  not  this  vei-y 
fine?  Mathematicians  that  find  out,  settle,  and  do 
all  the  business,  must  content  themselves  with 
beinpT  nothing:  but  dry  calculators  and  drudges:  and 
another  that  does  nothing  but  pretend  and  grasp  at 
all  things,  must  cmtj  away  all  the  inventions,  as 
well  of  those  that  were  to  follow  him  as  of  those 
that  went  before."  This  was  written,  however, 
under  the  inflnence  of  some  degree  of  mistake;  and 
in  a  subsequent  letter,  Newton  says,  "Now  I  under- 
stand he  was  in  some  respects  misrepresented  to 
mSy  I  wish  I  had  spared  the  postscript  to  my  last," 
in  which  is  the  passage  just  quoted.  We  see,  by 
the  melting  away  of  rival  claims,  the  undivided 
honour  which  belongs  to  Newton,  as  the  real  dis- 
coverer of  the  proposition  now  under  notice.  We 
may  add,  that  in  the  sequel  of  the  third  Section  of 
the  Prinerpia,  he  has  traced  its  consequences,  and 
solved  various  problems  flowing  from  it  with  his 
usual  fertility  and  beauty  of  mathematical  resource; 
and  has  there  shown  the  necessary  coimexion  of 
Kepler's  third  law  with  his  first  and  second. 

3.  Moon's  Gravity  to  tfie  E<trth. — Though  others 
had  considered  cosmical  forces  as  governed  by  the 
general  laws  of  motioti,  it  does  not  appear  that  they 
had  identified  such  forces  with  the  force  of  terres- 
trial gravity.  This  step  in  Newton's  discoveries  has 
generally  been  the  most  spoken  of  by  superficial 
thinkers;  and  a  false  kind  of  interest  has  been 
attached  tn  it.  from  the  story  of  its  being  suj^sted 
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bj-  the  fall  of  an  apple.  The  popular  mind  ts  caught 
hj  the  character  of  an  eventful  narrative  which  the 
anecdote  gives  to  this  occurrence ;  and  by  the  anti- 
thesis which  niakos  a  profound  theory  appear  the 
result  of  a  trivial  accident.  How  inappropriate  is 
such  a  view  of  the  matter  we  shall  soon  see.  The 
narrative  of  the  progress  of  Newton's  thoughts.  Is 
given  by  Pemberton  (who  had  it  from  Newton  him- 
self) in  his  preface  to  his  Vi^ne  0/  Newton's  Pfiiloso- 
phy,  and  by  Voltaire,  who  had  it  from  Mrs.  Conduit, 
Newton's  niece*.  "The  first  thoughts,"  we  are  told, 
"  which  gave  rise  to  his  Pnncipia,  he  had  when  he 
retired  from  Cambridge,  in  1666,  on  account  of  the 
plague,  ^he  was  then  twenty-four  years  of  age.)  As 
he  sat  alone  in  a  garden,  he  fell  into  a  speculation 
on  the  power  of  gravity ;  that  &&  this  power  is  not 
found  sensibly  diminished  at  the  remotest  distance 
from,  the  center  of  the  earth  to  which  we  can  rise» 
neither  at  the  tops  of  the  loftiest  buildings,  nor 
even  on  the  summits  of  the  highest  mountains,  it 
appeared  to  him  reasonable  to  conclude  that  this 
power  must  extend  much  further  than  was  usually 
thought :  Why  not  as  high  as  the  moon  ?  said  he  to 
himself;  and  if  so,  her  motion  must  be  influenced  by 
it;  perhaps  she  is  retained  in  her  orbit  thereby." 

The  thought  of  cosmical  gravitation  was  thus 
distinctly  lirought  into  being:  and  Newton's  supe- 
riority here  was,  that  he  conceived  the  celestial 
motions  as  distinctly  as  the  motions  which  to(^ 

'  Etrment  dr  Pkil.  dr  fi^ewlon,  .Itnn  partio,  chap.  Hi. 
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place  close  to  him ; — considered  them  as  of  the 
same  kind,  and  applied  the  samo  rules  to  each, 
without  hesitation  or  obscurity.  But  so  far,  this 
thought  was  merely  a  guess :  its  occurrence  showed 
the  activity  of  the  thinker;  but  to  pvQ  it  any  value, 
it  required  much  more  than  a  "why  not?" — a  "per- 
haps." Accordingly,  Newton^s  "why  not?"  was  im- 
mediately succeeded  by  his  "if  so,  what  then?"  Ilia 
reasoning  was.  that  if  gravity  reach  to  the  moon*  it 
IS  probably  of  the  same  kind  as  the  central  force  of 
the  sun,  and  follows  the  same  rule  with  respect  to 
the  distance.  What  is  this  rule?  We  have  already 
seen  that,  by  calculating  from  Kepler's  laws,  and 
supposing  the  orbits  to  be  circles,  the  rule  of  the 
force  appears  to  be  the  inverse  duplicate  proportion 
of  the  distance ;  and  this,  which  had  been  current 
as  a  conjecture  among  the  previous  generation  of 
mathematicians,  Newton  had  already  proved  by 
indisputable  reasonings,  and  was  thus  prepared  to 
proceed  in  his  train  of  inquiry.  If  then,  he  went 
on,  pursuing  his  train  of  thought,  the  earth's  gravity 
extend  to  the  moon,  diminishing  according  to  the 
inverse  square  of  the  distance,  will  it,  at  the  moon's 
orbit,  be  of  the  proper  magnitude  for  retaining  her 
in  her  path?  Here  again  came  in  calculation,  and  a 
calculation  of  extren^e  interest ;  for  how  important 
and  how  critical  was  the  decision  which  depended 
on  the  resulting  numbers?  According  to  Newton's 
calculations,  made  at  this  time,  the  moon,  by  her 
motion  in  her  orbit,  was  deflected  from  the  tangent 
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every  minute  t^irough  a  space  of  thirteen  i'eet.  But 
by  noticing  the  space  which  bodies  would  fall  in 
one  minute  at  the  earth's  surface,  aud  supposing 
this  to  be  diminished  in  the  ratio  of  the  inverse 
square,  it  appeared  that  stanty  would,  at  the 
moon's  orbit,  draw  a  body  through  more  than  fifteen 
feet.  The  difference  seems  small,  the  approsinution 
eneouraging.  the  theory  plausible;  a  man  in  love 
with  his  own  fancies  would  readily  have  discovered 
or  invented  some  probable  cause  of  this  difterence. 
But  Newton  acquiesced  in  it  as  a  disproof  of  his 
conjecture,  and  "  laid  aside  at  that  time  any  further 
thoughts  of  this  matter;'"  thus  resigning  a  favourite 
hypothesis,  with  a  candour  and  openness  to  con- 
viction not  inferior  to  Kepler,  though  his  notion 
had  l)een  taken  up  on  far  stronger  aud  sounder 
grounds  than  Kepler  dealt  in ;  and  without  even,  so 
far  as  we  know,  Kepler's  regrets  and  struggles.  Nor 
was  this  levity  or  inditferencc;  the  idea,  though 
thus  laid  aside,  was  not  finally  condemned  and 
abandoned.  When  Hooke.  in  l<}7y.  contradicted 
Newton  on  the  subject  of  the  curve  described  by  3 
falling  body,  and  asserted  it  to  be  an  ellipse,  Newton 
was  led  to  investigate  the  subject,  and  was  theu 
again  conducted,  by  another  road,  to  the  same  law 
of  the  inverse  square  of  the  distance.  This  naturally 
turned  his  thoughts  to  his  former  speculations.  Was 
there  really  no  way  of  explaining  the  discrepancy 
which  this  law  gave,  when  he  attempted  to  reduce 
the  moon's  motion  to  the  action  nf  gravity  ?    A  sci- 
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entific  operation  then  recently  completed,  gave  the 
explanation  at  once.  He  had  been  mistaken  in  the 
magnitude  of  the  earth,  and  consequently  in  the 
distance  of  the  moon,  which  is  determined  by  mea- 
surements of  which  the  earth's  radius  is  the  base. 
He  had  taken  the  common  estimate,  current  among 
geographers  and  seamen,  that  sixty  English  miles 
are  contained  in  one  degree  of  latitude.  But  Picart, 
in  1670,  had  measured  the  length  of  a  certain  por- 
tion of  the  meridian  in  France,  with  far  greater 
accuracy  than  had  yet  been  attained;  and  this 
moa^ure  enabled  Newton  to  repeat  his  calculations 
with  these  amended  data.  We  may  imagine  the 
strong  curiosity  which  he  must  have  felt  as  to  the 
result  of  these  calculations.  According  to  the 
account  which  is  given  by  Robison*,  "He  went 
home,  took  out  his  old  papers,  and  resumed  his 
calculations.  As  they  drew  to  a  close,  he  was  so 
much  agitated  that  he  was  obliged  to  desire  a  Mend 
to  finish  them."  Ills  former  conjecture  was  now 
tbynd  to  agree  with  the  phenomena  to  a  remarkable 
d^ree  of  precision.  This  conclusion,  thus  coming 
after  lung  doubts  and  delays,  and  falling  in  with 
the  other  results  of  inoehanical  calculation  for  the 
solar  system,  gave  a  stamp  from  that  moment  to  his 
opinions,  and  through  him  to  those  of  the  whole 
philosophical  world  (p). 

It  does  not  appear^  I  ttink,  that  before  Newton, 

■    R(i1ri»iiru    t^hyn.    Asir.  Art.    ly?-       i    iJo    nut    kiiuw    the 
•uthotity  for  this  nni'cdiiti.'. 
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philosophers  in  general  had  supposed  that  terres- 
trial j^avity  was  the  very  force  liy  which  the  moon's 
motions  are  produced.  Men  had,  as  we  have  seen, 
taken  up  the  conception  of  such  forces,  and  had 
probably  called  them  gravity:  but  this  was  done 
only  to  explain,  by  analogy,  what  kind  of  forces 
they  were,  just  as  at  other  times  they  compared 
them  with  magnetism;  and  it  did  not  imply  that 
terrestrial  gravity  was  a  force  which  acted  in  the 
celestial  spaces.  After  Newton  had  discovered  that 
this  was  so,  the  application  of  the  term  "gravity" 
did  undoubtedly  convey  such  a  suggestion  ;  but  we 
should  err  If  we  inferred  from  this  coincidence  of 
expression  that  the  notion  was  commonly  enter- 
tained before  him.  Thus  Huyghens  appears  to  use 
language  which  may  be  mistaken,  when  he  says', 
that  Borelli  was  of  opinion  that  the  primary  planets 
were  urged  by  "gravity"  towards  the  sun,  and  the 
satellites  towards  the  primaries.  The  notion  of  ter- 
restrial gravity,  as  being  actually  a  cosmicai  force, 
is  foreign  to  all  Borelli's  speculations*.  But  Horrox, 
as  early  as  1()35,  appears  to  have  entertained  the 
true  view  on  this  subject,  although  vitiated  by  Kep- 
lerian  errours  concerning  the  connexion  between 
the  rotation  of  the  central  body  and  its  effect  on 
the  body  which  revolves  about  it.     Thus  he  says*. 


'  Cosmothevros,  I.  2.  p.  720. 

'  I  hjivc  foiind  no  instance  in  which  Uie  word  is  eo  iisod  by 
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that  the  emanation  of  the  earth  carries  a  projected 
stone  aloug  with  the  motion  of  the  earth,  just  in  the 
same  way  as  it  carries  the  moon  in  her  orbit ;  and 
that  this  force  is  greater  on  the  stone  than  on  the 
moon,  because  the  distance  is  less. 

The  Proposition  in  which  Newton  has  stated  the 
discovery  of  which  we  are  now  speaking,  is  the 
fourth  of  his  third  Book:  "That  the  moon  gravi- 
tates to  the  earth,  and  by  the  force  of  gravity  is 
perpetually  deflected  from  a  rectilinear  motion,  and 
retained  in  her  orbit."  The  proof  consists  in  the 
numerical  calculation,  of  which  he  only  gives  the 
elements,  and  points  out  the  method ;  but  wc  may 
observe,  that  no  small  degree  of  knowledge  of  the 
way  in  which  astronomers  had  obtained  these  ele- 
ments, and  judgment  in  selecting  among  them,  wore 
necessary :  thus,  the  mean  distance  of  the  moon 
had  been  made  as  little  as  fifty-six  and  a  half  semi- 
diameters  of  the  earth  by  Tycho,  and  as  much  as 
dxty-two  and  a  half  by  Kircher:  Newton  gives 
good  reasons  for  adopting  sixty-one. 

The  term  "  gravity,"  and  the  expression  "to  gra- 
vitate." which,  as  we  have  just  seen,  Newton  uses  of 
the  moon,  were  to  receive  a  still  wider  application 
in  consequence  of  his  discoveries ;  but  in  order  to 
make  this  extension  clearer,  we  consider  it  as  a 
}aratc  step. 

4.  Mntnai  Atlrncty^m  of  all  the  Celestial  Bodies. 
— If  the  preceding  parts  of  the  discovery  of  gravi- 
tation were  comparatively  easy  to  conjecture,  aud 
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difficult  to  prove;  this  was  much  more  the  case 
with  the  part  of  which  we  have  now  to  speak,  the 
attraction  of  other  bodies,  besides  the  central  ones, 
upon  the  planets  and  satellites.  If  the  mathema- 
tical caleulation  of  the  unmixed  effect  of  a  central 
force  required  transcendent  talents,  how  much  must 
the  diificulty  be  increased,  when  other  influences 
prevented  those  first  results  from  being  accurately 
verified,  while  the  deviations  fi-om  accuracy  were 
far  more  complex  than  the  original  action !  If  it 
had  not  been  that  these  deviations,  though  surpris- 
ingly numerous  and  complicated  in  their  nature, 
were  very  small  in  their  quantity,  it  would  have 
been  impossible  for  the  intellect  of  man  to  deal 
with  the  subject ;  as  it  was,  the  struggle  with  its 
difficulties  is  even  now  a  matter  of  wonder. 

The  conjecture  that  there  is  some  mutual  action 
of  the  planets,  had  been  put  forth  by  Hooke  in  his 
Attewpt  to  prove  the  Motion  of  the  Earth,  (1674.) 
It  followed,  he  said,  from  his  doctrine,  that  not  only 
the  sun  and  the  moon  act  upon  the  course  and 
motion  of  the  earth,  hut  that  Mercury,  Venus,  Mars, 
Jupiter,  and  Saturn,  have  also,  by  their  attractive 
power,  a  considerable  influence  upon  the  motion  of 
the  earth,  and  the  earth  in  like  manner  powerfully 
af^ts  the  motions  of  those  bodies.  And  BurelH,  in 
attempting  to  form  "theories"  of  the  satellites  of 
Jupiter,  had  seen,  though  dimly  and  confusedly,  the 
proliability  that  the  sun  would  disturb  the  motions 
of  these  bodies.    Thus  he  says.  (cap.  14,)  "How  can 
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we  believe  that  tho  Modieean  globes  are  not,  like 
other  planets,  impelled  with  a  greater  velocity  whea 
they  approach  the  sun :  and  thus  they  are  acted 
upon  by  two  moving  forces,  one  of  which  produces 
their  proper  revolutioti  about  Jupiter,  the  other 
regulates  their  motion  round  the  sun."  And  in 
another  place,  (cap.  20,)  he  attempts  to  show  an 
effect  of  this  principle  upon  the  inclination  of  the 
orbit ;  though,  as  might  be  expected,  without  any 
real  result. 

The  case  which  most  obviously  suggests  the 
notion  that  tho  sun  exerts  a  power  to  disturb  the 
motions  of  secondary  planets  about  primary  ones, 
might  seem  to  be  our  own  moon ;  for  the  great 
inequalities  which  had  hitlierto  been  discovered, 
had  all,  except  the  first,  or  elliptical  anomaly,  a 
reference  to  the  position  of  the  sun.  Nevertheless, 
I  da  not  know  that  any  one  had  attempted  thus  to 
explain  the  curiously  irregular  course  of  the  earth's 
attendant.  To  calculate,  from  the  disturbing  agency, 
the  amount  of  the  irregularities,  was  a  problem 
which  could  not,  at  any  former  period,  have  been 
dreamt  of  as  likely  to  be  at  any  time  within  the 
verge  of  human  power. 

Newton  both  made  tbe  step  of  inferring  that 
there  were  such  forces,  and.  to  a  very  great  extent. 
calculated  the  effects  of  them.  The  inference  is 
made  on  mechanical  principles,  in  the  sixth  Theo- 
rem of  the  third  Book  of  the  Pnnripm  ; — that  the 
mooti  is  attracted  by  the  sun,  as  the  earth  ts; — that 
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the  satellites  of  Jupiter  and  Saturn  are  attracted  as 
the  primaries  are :  in  the  same  manner,  and  with 
the  same  forces.  If  this  were  not  so,  it  is  shown 
that  these  attendant  bodies  could  not  accompany 
the  principal  ones  in  the  regular  manner  in  which 
they  do.  All  those  bodies  at  equal  distances  from 
the  sun  would  be  equally  attracted. 

But  the  complexity  which  must  occur  in  tracing 
the  results  of  thia  principle  will  easily  be  seen.  The 
satellite  and  the  primary,  though  nearly  at  the  same 
distance,  and  in  the  same  direction,  from  the  sun, 
are  not  exactly  so.  Moreover  the  difference  of  the 
distances  and  of  the  directions  is  perpetually  chang- 
ing; and  if  the  motion  of  the  satellite  be  elliptical, 
the  cycle  of  change  is  long  and  intricate:  on  this 
account  alone  the  effects  of  the  sun's  action  will 
inevitably  follow  cycles  as  long  and  as  perplexed  as 
those  of  the  positions.  But  on  another  account 
they  will  be  etill  more  complicated ;  for  in  the  con- 
tinued action  of  a  force,  the  effect  which  takes  place 
at  first,  modifies  and  alters  the  effect  afterwards. 
The  result  at  any  moment  is  the  sum  of  the  results 
in  preceding  instants :  and  since  the  terms,  in  this 
series  of  instantaneous  effects,  follow  very  complex 
rules,  the  sums  of  sueh  series  will  be,  it  might  be 
expected,  utterly  incapable  of  being  reduced  to  any 
manageable  degree  of  simplicity. 

It  certainly  does  not  appear  that  any  one  but 
Newton  could  make  any  impression  on  this  pro- 
blem, or  cours*?  of  problems.   No  one  for  sixty  years 
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aftor  the  publication  of  the  Principm,  and,  with 
Newton's  methods,  no  one  up  to  the  present  day, 
had  added  anything  of  any  value  to  his  deductions. 
We  know  that  he  calculated  all  the  principal  lunar 
inequalities ;  in  many  of  the  cases,  he  has  given  us 
his  processes;  in  others,  only  his  results.  But  who 
has  presented,  in  his  beautiful  geometry,  or  deduced 
fiwm  bis  simple  principles,  any  of  the  inequalities 
which  he  left  untouched  ?  The  ponderous  instru- 
ment of  synthesis,  so  effective  in  his  hands,  has 
never  since  been  grasped  by  one  who  could  use  it 
fbr  such  purposes ;  and  we  gaze  at  it  with  admiring 
curiosity,  as  on  some  gigantic  implement  of  war, 
which  stands  idle  among  the  memorials  of  ancient 
days,  and  makes  us  wonder  what  manner  of  man  he 
was  who  could  wield  as  a  weapon  what  we  can 
hardly  lift  as  a  burden. 

It  is  not  necessary  to  point  out  in  detail  the 
sagacity  and  skill  which  mark  this  part  of  the 
Prindpia.  The  mode  in  which  the  author  obtains 
the  effect  of  a  disturbing  force  in  producing  a 
motion  of  the  apse  of  an  elliptical  orbit  (the  ninth 
Section  of  the  first  Book),  has  always  been  admired 
for  its  ingenuity  and  elegance.  The  general  state- 
ment of  the  nature  of  the  principal  inequalities  pro- 
duced by  the  sun  in  the  motion  of  a  satellite,  given 
in  the  sixty-sixth  Proposition,  is,  even  jqU  one  of 
the  best  explanations  of  such  action;  and  the  calcu- 
lations of  the  quantity  of  the  effects  in  the  third 
Book,  for  instance,  the  isarialion  of  the  moon,  the 
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■/notion  of  thv  twdea  and  its  inequalitioss  the  chattge 
of  iiiclinatjon  of  the  orbit, — are  full  of  beautiful 
and  efficacious  artifices.  But  Newton's  inventive 
faculty  was  exercised  to  an  extent  greater  than 
these  published  investigations  show.  In  several 
ca^s  he  has  suppressed  the  demonstration  of  his 
method,  and  given  us  the  result  only ;  either  from 
haste,  or  from  mere  we-arinesa,  which  might  well 
overtake  one  who,  while  he  was  struggling  with 
facts  and  numbers,  with  difficulties  of  conception 
and  practice,  was  aiming  also  at  that  geometrical 
elegance  of  exposition,  which  he  considered  as 
alone  fit  for  the  public  eye.  Thus,  in  stating  the 
effect  of  the  eccentricity  of  the  moon's  orbit  upon 
the  motion  of  the  apogee,  he  says^",  "The  computa- 
tions, as  too  intricate  and  embarrassed  with  approx- 
imations, I  do  not  choose  to  introduce." 

The  computations  of  the  theoretical  motion  of 
the  moon  being  thus  difficult,  and  its  irregularities 
numerous  and  complex,  we  may  ask,  whether  New- 
ton's reasoning  was  sufficient  to  establish  this  part 
of  his  theorj",  namely,  that  her  actual  motions  arise 
from  her  gravitation  to  the  sun.  And  to  this  wo 
may  reply,  that  it  was  sufficient  for  that  purpose, — 
since  it  showed  that,  from  Newton's  hypothesis, 
inequalities  must  result,  following  the  laws  which 
the  moon's  inequalities  were  known  to  follow ; — 
since  the  amount  of  the  inequalities  given  by  the 
theory  agreed  nearly  with  the  rules  which  astrono- 

"  Schol.  to  Prop  35,  firet  edit 
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mcrs  had  collected  from  observation; — and  since, 
by  the  very  intricacy  of  the  calculation,  it  was  ren- 
dered probable,  that  the  first  results  might  be  some- 
what inaccurate,  and  thus  might  give  rise  to  the 
still  remaining  differences  between  the  calculations 
and  the  facts.  A  Progression  of  the  Apoffee:  a 
Regression  of  the  Nwhs ;  and,  besides  the  Elliptical' 
or  first  Inequality,  an  inequality,  following  the  law 
of  the  £veetion,  or  second  inequality  discovered  by 
Ptolemy:  another,  following  the  law  of  the  Varia- 
tion discovered  by  Tycho ; — were  pointed  out  in  the 
first  edition  of  the  Prindpia,  as  the  consequences 
<>f  the  theory.  Moreover,  the  quantities  of  these 
inequalities  were  calculated  and  compared  with 
obsen-ation  with  the  utmost  confidence,  and  the 
agreement  in  most  instances  was  striking.  Tlie 
Variation  agreed  with  Halley's  recent  observations 
within  a  minute  of  a  degree".  The  Mean  Motioa 
of  the  Nodes  in  a  year  agreed  within  less  than  one- 
hundredth  of  the  whole".  The  Equation  of  the 
Motion  of  the  Nodes  also  agreed  well".  The  In- 
clination of  the  Plane  of  the  Orbit  to  the  ecliptic, 
and  its  changes,  according  to  the  different  situations 
of  the  nodes,  likewise  agreed^*.  The  Evection  has 
been  already  noticed  as  encumbered  with  peculiar 
difficulties:  here  the  accordance  was  less  close. 
Tlie  Difference  of  the  daily  Progress  of  the  Apogee 
in  syzygy,  and  its  daily  Regress  in  Quadratures,  i«, 

'*  Prop.  32. 
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Newton  savs,  "  4\  minutes  by  the  Tables,  G^  by  our 
calciilatinn."  He  boldly  adds.  "I  suspect  tliisidiffer- 
eiicc  to  be  due  to  the  fault  of  the  Tables."  In  the 
second  edition  (1711)  be  added  the  calculation  of 
several  other  inequalities,  as  the  Annual  Eqjtation, 
also  discovered  by  Tyeho ;  and  he  compared  them 
with  more  recent  observations  made  by  Flamsteed 
at  GreeTiwicli ;  but  even  in  what  has  abready  been 
stated,  it  must  be  allowed  that  there  is  a  wonderful 
accordance  of  theory  with  phenomena,  both  being 
very  complex  in  the  rules  which  they  educe. 

The  same  theory  which  gave  these  Inequalitira 
in  the  motion  of  the  Moon  produced  by  the  dis- 
turbing force  of  the  sun,  gave  also  corresponding 
inequalities  in  the  motions  of  the  Satellites  of  other 
planets,  arising  from  the  same  cause ;  and  likewise 
pointed  out  the  necessary  existence  of  irregularities 
in  the  motions  of  the  Planets  arising  from  their 
mutual  attraction.  Newton  gave  propositions  by 
which  the  Irregularities  of  the  motion  of  Jupiter's 
moons  might  be  deduced  from  those  of  our  own'*; 
and  it  was  shown  that  the  motions  of  their  nodes 
would  be  slow  by  theory,  as  Flamsteed  had  found 
it  to  be  by  observation".  But  Newton  did  not 
attempt  to  calculate  the  effect  of  the  mutual  action 
of  the  planets,  though  he  observes,  that  in  the  case 
of  Jupiter  and  Saturn  this  etiect  is  too  considerable 
to  be  neglected";   and  he  notices,  in  the  second 
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edition*,  that  it  follows  from  the  theory  of  ^avity, 
that  the  aphelia  of  Mercury,  Venus,  the  Earth,  and 
Mars,  slightly  progress. 

In  one  celebrated  instance^  indeed,  the  deviation 
of  the  theory  of  the  Priticijnn  from  observation 
was  wider,  and  more  difficult  to  explain  ;  and  as  this 
deviation  for  a  time  resisted  the  analysis  of  Euler 
and  Clairaut,  as  it  liad  resisted  the  synthesis  of 
Newton,  it  at  one  period  staggered  the  faith  of 
tnathematleians^  in  the  exa^jtness  of  the  law  of  the 
inverse  square  of  the  distance.  I  speak  of  the 
Motion  of  the  Moon's  Apogee,  a  problem  which  has 
already  been  referred  to ;  and  in  which  Newton's 
method,  and  all  the  methods  which  could  be  devised 
for  some  time  afterwards^  gave  only  half  the  ob- 
served motion :  a  circumstance  which  arose,  as  was 
discovered  by  Clairaut  in  175rt,  from  the  insutfi- 
ciency  of  the  method  of  approximation.  Newton 
does  not  attempt  to  conceal  this  discrepancy.  After 
calculating  what  the  motion  of  apse  would  be,  upon 
the  assumption  of  a  disturbing  force  of  the  same 
amount  as  that  which  the  sun  exerts  on  the  moon, 
he  simply  says",  "the  apse  of  the  moon  moves 
about  twice  as  fest." 

The  difficulty  of  doing  what  Newton  did  in  this 
biranch  of  the  subject,  and  the  powers  it  must  have 


"  Seliolmni  to  Prop.  14.  B.  iii 
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rtM|uired,  maj  be  judged  of  from  what  lias  already 
been  stated  ;^that  no  one,  with  his  methods,  has 
yet  been  able  to  add  anything  to  his  labours:  few- 
have  undertaken  to  illustrate  what  he  has  written, 
and  no  great  number  have  understood  it  through- 
out. The  extreme  complication  of  the  forces,  and 
of  the  conditions  under  which  they  axt.  makes  the 
subject  by  far  the  most  thorny  walk  of  mathematics. 
It  is  necessary  to  resolve  the  action  into  many  ele- 
ments, such  as  ean  be  separated;  to  invent  artifices 
for  dealing  with  each  of  these ;  and  then  to  recom- 
pound  the  laws  thus  obtained  into  one  common 
conception.  The  moon's  motion  cannot  he  con- 
ceived Avithout  comprehending  a  scheme  more  com- 
plex than  the  Ptolemaic  epicycles  and  eccentrics  in 
their  worst  form ;  and  the  component  i)art-s  of  the 
system  are  not,  in  this  instance,  mere  geometrical 
ideas,  requiring  only  a  distinct  apprehension  of 
relations  of  space  in  order  to  hold  them  securely; 
they  are  the  foundations  of  mechanical  notions,  and 
require  to  be  grasped  so  that  we  can  apply  to  them 
sound  mechanical  reasonings.  Newton's  successors, 
in  the  next  generation,  abandoned  the  hope  of  imi- 
tating him  in  this  intense  mental  effort;  they  gave 
the  subject  over  to  the  operation  of  algebraical  rea- 
soning, in  which  symbols  think  for  us,  without  ovar 
dwelling  constantly  upon  their  meaning,  and  obtain 
for  us  the  consequences  which  result  from  the  rela- 
tions of  space  and  the  laws  of  force,  however  com- 
plicated be  the  conditions  under  which  they  are 
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combined.  Even  Newton's  countrymen,  though 
they  were  long  before  they  applied  themselves  to 
the  method  thus  opposed  to  his,  did  not  produce 
anything  which  showed  that  they  had  mastered*  or 
could  retrace,  the  Newtonian  inYcstigations. 

Thus  the  Problem  of  Three  Bodies'",  treated 
geometrically,  belongs  exclusively  to  Newton;  and 
the  proofs  of  the  mutual  action  of  the  sun,  plauets 
and  satellites,  which  depend  upon  such  reasoning 
coutd  not  be  discovered  hy  any  one  but  him. 

But  we  have  not  yet  done  with  his  achievements 
ou  this  subject ;  for  some  of  the  most  remarkable 
and  beautiful  of  the  reasonings  which  he  connected 
with  this  problem,  belong  to  the  next  step  of  his 
generalization. 

5.  Mutual  Attraction  of  all  Partick^  of  Matter, 
— That  all  the  parts  of  the  universe  are  drawn  and 
held  together  by  love,  or  harmony,  or  some  alFection 
to  which,  among  other  names,  that  of  attraction 
may  have  been  given,  is  an  assertion  which  may 
very  possibly  have  been  made  at  various  times,  by 
speculators,  writing  at  random,  and  taking  their 
chance  of  meaning  and  truth.  The  authors  of  such 
casual  dogmas  have  generally  nothing  accurate  or 
substantial,  either  in  their  conception  of  the  general 
proposition,  or  in  their  reference  to  examples  of  it ; 
and  therefore  their  doctrines  are  no  concern  of  ours 
at  present.     But  among  those  who  were  really  the 

"  See  the  liUtory  of  tin'  Proitiew  uf  Three  Bodiex,  anfe,  p.  1(M, 
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first  to  think  of  the  mutual  attraction  of  matter,  we 
cannot  help  noticing  Francis  Bacon ;  for  his  notions 
were  so  far  from  being  chargeable  with  the  loose- 
ness and  indistinctness  to  which  we  have  alluded, 
that  he  proposed  an  experiment"  which  was  to 
decide  whether  the  facts  were  so  or  not ; — whether 
the  gravity  of  bodies  to  the  earth  arose  from  an 
attraction  of  the  parts^  of  matter  towards  each  other, 
or  was  a  tendency  towards  the  center  of  the  earth. 
And  this  experiment  is,  even  to  this  day,  one  of  the 
best  which  can  be  devised,  in  order  to  exhibit  the 
universal  gravitation  of  matter :  it  consists  in  the 
comparison  of  the  rate  of  going  of  a  clock  in  a  deep 
mine,  and  on  a  high  place.  Iluyghens.  in  his  book 
De  Causa  Gramtatis,  published  in  1690,  showed 
that  the  earth  would  have  an  oblate  form,  in  conse- 
quence of  the  action  of  the  centrifugal  force ;  but 
his  reasoning  does  not  suppose  gravity  to  arise  from 
the  mutual  attraction  of  the  parts  of  the  earth.  The 
influence  of  the  moon  upon  the  tides  had  long  been 
remarked ;  but  no  one  had  made  any  progress  in 
truly  explaining  the  mechanism  of  this  influence; 
and  all  the  analogies  to  which  referenee  had  been 
made,  on  this  and  similar  subjects,  as  magnetic  and 
Other  attractions,  were  rather  delusive  than  illus- 
trative, since  they  represented  the  attraction  as 
something  peculiar  in  particular  bodies,  depending 
upon  the  nature  of  each  body. 

"   NotK  Org.  iVorkf.  vol.  viii.  p.  148.  • 


INDLX'TIVE  EPOCH  OF  NliWTO>. 


183 


That  all  such  forces,  cosinical  and  teffestriaK 
were  the  same  single  force,  and  that  this  was 
uotbing  more  than  the  iasensible  attraction  which 
subsists  between  one  stone  and  another,  was  a  con- 
ception equally  bold  and  grand;  and  would  have 
been  an  iaeomprehonsible  thought,  if  the  views 
which  we  have  already  explained  had  not  prepared 
the  mind  for  it.  But  the  preceding  steps  having 
disclosed,  between  all  the  bodies  of  the  universe, 
forces  of  the  same  kind  as  those  which  produce  the 
weight  of  bodit's  at  the  earth,  and,  therefore,  such 
as  exist  in  every  particle  of  terrestrial  matter;  it 
became  an  obvious  question,  whether  such  forces 
did  not  also  belong  to  all  particles  of  planetary 
matter,  and  whether  this  was  not,  in  fact,  the  whole 
account  of  the  forces  of  the  solar  system.  But, 
supposing  this  conjecture  to  be  thus  suggested,  how 
formidable,  on  first  appearance  at  least,  was  the 
undertaking  of  veriijing  it!  For  if  this  be  so,  every 
finite  mass  of  matter  exerts  forces  which  are  the 
result  of  the  iuiiiiitely  numerous  forces  of  its  parti- 
cles, these  forces  acting  in  dift'erent  directions-  It 
does  not  appear,  at  first  sight,  that  the  law  by  which 
the  force  is  related  to  the  distance,  will  be  the  same 
for  the  particles  as  it  is  for  the  masses;  and,  in 
reality,  it  is  not  so,  except  m  special  cases.  Aad. 
again,  in  the  instance  of  any  effect  produced  by  the 
force  of  a  body,  how  are  we  to  know  whether  the 
force  resides  in  the  whole  mass  as  a  unit,  or  in  the 
separate  particles?     We  may  reason,  as  Newton 
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does",  that  the  rule  which  proves  gravity  to  belong 
universally  to  the  planets,  proves  it  also  to  belong 
to  their  parts ;  but  the  mind  will  not  be  satisfied 
with  this  extension  of  the  rule,  except  we  can  find 
decisive  instances,  and  calculate  the  effects  of  both 
suppositions,  under  the  appropriate  conditions.  Ac- 
cordingly, Newton  had  to  solve  a  new  series  of  pro- 
blems suggested  by  this  inquiry;  and  this  he  did. 

These  solutions  are  no  less  remarkable  for  the 
mathematical  power  which  they  exhibit,  than  the 
other  parts  of  the  Frincijna.  The  propositions  in 
which  it  is  shown  that  the  law  of  the  inverse  square 
for  the  particles  gives  the  same  law  for  spherical 
masses,  have  that  kind  of  beauty  which  might  well 
have  justified  their  being  published  for  their  mathe- 
matical elegance  alone,  even  if  they  had  not  applied 
to  any  real  case.  Great  ingenuity  is  also  employed 
in  other  instances,  as  in  the  case  of  spheroids  of 
small  eccentricity.  And  when  the  amount  of  the 
mechanical  action  of  masses  of  various  forms  has 
thus  been  assigned,  the  sagacity  shown  in  tracing 
the  results  of  such  action  in  the  solaj  system  is 
truly  admirable;  not  only  the  general  nature  of  the 
effect  being  pointed  out,  but  its  quantity  calculated. 
I  speak  in  particular  of  the  reasonings  concerning 
the  Figure  of  the  Earth,  the  Tides,  the  Precession 
of  the  Equinoxes,  the  Regression  of  the  Nodes  of  a 
ring  such  as  Saturn's;  and  of  some  effects  which,  at 
that  time,  had  not  been  ascertained  even  as  facts  of 

"  Priraip.  B.  iii.  Pnip.  7. 
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observation ;  for  instance,  tbe  difference  of  gravity 
in  different  latitudes,  and  the  Nutation  of  the  earth's 
ajDS.     It  is  true,  that  in  most  of  these  cases,  New- 
ton^s  process  could  he  considered  only  as  a  rude 
approximation.      In  one  (the  Precession)  he  com- 
mitted  an  errour.  and  in  all,  his  means  of  calcula- 
tion "were  insuflicient.    Indeed  these  are  much  more 
difficult  investigations  than  the  Problem  of  Three 
Bodies,  in  which  three  points  aet  on  each  other  by 
explicit  laws.     Up  to  this  day,  the  resources  of 
modem  analysis  have  been  employed  upon  some  of 
them  with  very  partial  success;  and  the  facts,  in  all 
of  them,  required  to  be  accurately  ascertained  and 
measured,  a  process  which  is  not  completed  even, 
now.    Nevertheless  the  form  and  nature  of  the  con- 
clusions which  Newton  did  obtain,  were  such  a.s  to 
inspire  a  strong  confidence  in  the  competency  of  his 
theory  to  explain  all  such  phenomena  as  have  been 
spoken  of.     We  shall  afterwards  have  to  speak  of 
the  labours,  undertaken  in  order  to  examine  the 
phenomena  more  exactly,  to  which  the  theory  gave 
occasion. 

Thus,  then,  the  theory  of  the  universal  mutual 
gravitation  of  all  the  particles  of  matter,  according 
to  the  law  of  the  inverse  square  of  the  distances, 
was  conceived,  its  consequences  calculated,  and  its 
Tesults  shown  to  agree  with  phenomena.  It  was 
found  that  this  theory  took  up  all  the  facts  of 
astronomy  as  far  as  they  had  hitherto  been  ascer- 
tained; while  it  pointed  out  an  interminable  vista 
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ot*  new  facts,  too  minute  or  too  complex  for  obser- 
vation alone  to  disentangle,  but  capable  of  being 
detected  wheo  theory  had  pointed  out  their  laws, 
and  of  being  used  as  criteria  or  confirmations  of 
the  truth  of  the  doctriue.  For  the  same  reasoning 
which  explained  the  evection,  variation^  and  annual 
equation  of  the  moon,  showed  that  there  must  be 
many  other  Inequalities  besides  these ;  since  these 
resulted  from  approximate  methods  of  calculation, 
in  which  small  quantities  were  neglected.  And  it 
was  known  that,  in  fact,  the  inequalities  hitherto 
detected  by  astronomers  did  not  give  the  place  of 
the  moon  with  satisfactory  accuracy;  so  that  there 
was  room,  among  these  hitherto  untractable  irregu- 
larities, for  tho  additional  results  of  the  theory. 
To  work  out  this  comparison  was  the  employment 
of  the  succeeding  century ;  but  Newton  began  it. 
Thus,  at  the  end  of  the  proposition  in  which  he 
asserts*",  that  "all  the  lunar  motions  and  their  irre- 
gnlaritles  follow  irora  the  principles  here  stated," 
he  makes  the  observation  which  we  have  just  made; 
and  gives,  as  examples,  the  different  motions  of  the 
apogee  and  nodes,  the  difference  of  the  change  of 
the  eccentricity,  and  the  difference  of  the  moon's 
variation,  according  to  the  different  distsmces  of 
the  sun,  "  But  this  inequality,"  he  says,  "  in  astro- 
nomical calculations,  is  usually  referred  to  the 
prosthaphfcrcsis  of  the  moon,  and  confounded  with 
it."  (0). 

"*  B.  iii.  I'r.)'.  22. 
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Re^eefiojis  on  the  Dhe4}verif.—&nc\\,  theu.  is  the 
great  Newtonian  Induction  of  Universal  Gravitation, 
and  such  its  history.  It  is  indisputably  and  incom- 
parahly  the  greatest  scientific  discovery  ever  made, 
whether  we  look  at  the  advance  which  it  involved, 
the  extent  of  the  truth  disclosed,  or  the  ftinda- 
mcutal  and  satisfectory  nature  of  this  truth.  As  to 
the  firKt  point,  wg  may  observe  that  any  one  of  the 
five  steps  into  which  we  have  separated  the  doc- 
trine, would,  of  itself,  have  been  considered  as  an 
important  advance; — would  have  conferred  distinc- 
tion on  the  persons  who  made  it,  and  the  time  to 
which  it  belonged.  All  the  five  steps  made  at  once, 
formed  not  a  leap,  but  a  flight,— not  an  improve- 
ment merely,  but  a  metamorphosis, — not  an  epoch, 
but  a  termination.  Astronomy  passed  at  once  from 
its  boyhood  to  mature  manhood.  A^in.  with  re- 
gard to  the  extent  of  the  truth,  we  obtain  as  wide  a 
generalization  as  our  physical  knowledge  admits, 
when  we  learn  that  every  particle  of  matter,  in  all 
times,  places,  and  circumstances,  attracts  every 
other  particle  in  the  universe  by  one  common  law 
of  action.  And  by  saying  that  the  truth  was  of  a 
fundamental  and  satisfactory  nature,  I  mean  that  it 
assigned,  not  a  rule  merely,  but  a  cause,  for  the 
heavenly  motions ;  and  that  kind  of  cause  which 
most  eminently  and  peculiarly  we  distinctly  and 
thoroughly  conceive,  namely,  mechanical  force. 
Kepler's  laws  were  merely /(»y7W«/  rules,  governing 
the  celestial  motions  according  to  the  relations  of 


an 


188       HISTORY  OF  PIIVSICAL  AS^RO^OMY. 

space,  time,  and  ntraiber;  Newton's  was  a  causi 
law,  referring  these  motions  to  mechanical  reaso 
It  is  no  doubt  eoDceivable  that  future  discoveries 
may  both  extend  and  further  explain  New-ton's  doc- 
trines;^may  make  gravitation  a  case  of  some  wid 
!aw,  and  may  disclose  something  of  the  mode 
which  it  operates;  questions  with  which  Newton 
himself  struggled.     But.  in  the  mean  time,  few  pe 
sons  will  dispute,  that  both  in  generality  and  pfi 
fuudity,  both  in  width  and  depth,  Newton's  theory 
is  altogether  without  a  rival  or  neighbour". 

The  requisite  conditions  of  such  a  discovery 
the  mind  of  its  author  were,   in  this  as  in  oth 
caseSt  the  idea,  and  its  comparison  with  facts ; 

"  The  yalu«  and  nature  of  this  step  have  long  been 
™l!y  at'Ik nowMgurJ  whorovcr  Mi^mcw  is  culti^-atcd.  Yet  it  would 
apppur  that  there  ia,  in  one  part  of  Euroipe,  n  school  of  philoao- 
phere  who  contest  tlie  merit  of  this  part  of  Newton's  diacoTeriea. 
"Kepler,"  eays  a  celebrated  Gennan  metaphysiciaii *,  "disco- 
vered the  laws  of  frtiJ  motion ;  u  discovery  of  immortal  g'ory- 
1t  has  since  been  the  fashion  to  say  that  Newton  firet  found  out 
the  proof  of  these  rules.  It  has  aeldom  happened  that  the  ^lory 
of  the  first  discoverer  Iios  beea  more  unjuatly  transferred  to 
Another  person."  It  may  appear  strange  that  any  one  in  the 
present  day  should  hold  such  languaj^e ;  but  if  wo  examine  th^H 
Tt^asons  wliich  tliia  author  gives,  they  will  be  found,  I  think,  to  ^ 
amoimt  to  this;  that  hia  mind  is  in  the  cuuditinn  in  which 
Kepler's  was ;  and  that  the  whole  range  of  meehanical  ideas  and 
modes  of  conception  which  mnde  the  transition  from  Kepler  to 
Newton  possible,  are  extraneous  to  the  domain  of  bifi  pliitoaophy* , 
Even  this  author,  however,  if  I  undt-nHand  htm  rightly, 
nizCB  Newtou  an  the  author  of  the  doctrine  of  IVrturbatit 
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tiie  conception  gf  the  law,  and  the  moulding  this 
coitecptiun  in  such  a  form  as  to  correspond  with 
known  realities.     The  idea  of  mechanical  force  as 
the  cause  of  the  celestial  motions,  had,  as  wo  have 
Seen,    been    for  some  time    gjowlng  up  in    men's 
minds ; — had  Kono  on  becoming  more  distinct  and 
more  general ;  and  had.  in  some  persons,  approached 
the  form  in  which  it  was  entertained  by  Newton. 
Still,  in  the  mere  conception  of  universal  gravita- 
tion, Newton  must  have  gone  far  beyond  his  prede- 
cessors and  contemporaries,  both  in  generality  and 
distinctness;  and  in  the  inventiveness  and  sagacity 
with  which  he  traced  the  consequences  of  this  con- 
ception, he  was,  as  we  have  shown,  without  a  rival, 
and  almost  without  a  second.   As  to  the  facts  which 
he  had  to  include  in  his  law,  they  had  been  accu- 
mulating from  the  very  birth  of  astronomy ;   but 
those  which  he  had  more  peculiarly  to  take  hold  o^ 
were  the  facts  of  the  planetary  motions  as  given  by 
Kepler,  and  those  of  the  moon's  motions  as  given 
by  Tycho  Brabe  and  Jeremy  Horrox. 

We  find  here  occasion  to  make  a  remark  which 
is  important  in  its  bearing  on  the  nature  of  pro- 
gressive science.  What  Newton  thus  used  and  re- 
ferred to  as  /acts,  were  the  lates  which  his  prede- 
cessors  had  established.  Wiiat  Kepler  and  Horrox 
■  had  put  forth  as  "theorieSi,"  were  now  established 
H  truths,  fit  to  be  used  in  the  construction  of  other 
H  theories.  It  is  in  this  manner  that  one  theory  is 
H     built  upon  another; — that  we  rise  from  particulars 
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to  geiiei-alst  and  from  one  generali;;atioi)  to  adother; 
— that  we  have,  in  short,  successive  steps  of  induc- 
tion. As  Newton's  laws  assumed  Keplers,  Kepler's 
iawg  assumed  as  facts  the  results  of  the  planetary 
theory  of  Ptolemy ;  and  thus  the  theories  of  each 
generation  in  the  scii^iititio  world  are  (when  tho- 
roughly verified  and  established,)  the  facts  i>f  the 
next  generation,  Newton's  theory  is  the  circle  of 
generalization  which  includes  all  the  others;^ — the 
highest  point  of  the  inductive  ascent;— the  catas- 
trophe of  the  philosophic  drama  to  which  Plato  had 
prologized; — the  point  to  which  men's  minds  had 
been  jouroeying  for  two  thousand  years. 

Charactrr  q/'  Newton. — It  is  not  easy  to  anato- 
mize the  constitution  and  the  operations  of  the 
mind  which  makes  such  an  advance  in  knowledge. 
Yet  we  may  observe  that  there  must  exist  in  it,  in 
an  eminent  degree,  the  elements  which  compose  the 
mathematical  talent.  It  must  possess  distinctness 
.of  intuition,  tenacity  and  facility  in  tracing  logical 
connexion,  fertility  of  invention,  and  a  strong  tend- 
ency to  generalization.  It  is  easy  to  discover  indi- 
cations of  these  characteristics  in  Newton.  The  dis- 
tinctness of  his  intuitions  of  space,  and  we  may  add 
of  force  also,  was  seen  in  the  amusements  of  his 
youth ;  in  his  constructing  clocks  and  niills,  carts 
and  dials,  as  well  as  the  facility  with  which  he 
mastered  geometry.  This  fondness  for  handicraft 
employments^  and  for  making  models  and  machines., 
appears  to  be  a  common  prelude  of  excellence  in 
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|ihy-sical  science**;  probably  on  this  very  account, 
that  it  arises  frora  the  distinctness  of  intuitive 
power  with  which  the  child  conceives  the  shapes 
and  the  working  of  such  material  combinations. 
Newton's  inventive  [tower  appears  in  the  number 
and  variety  of  the  mathematical  artifices  and  com- 
binations which  he  devised,  and  of  which  his  books 
are  fuR.  11*  we  conceive  the  operation  of  the  io- 
Tentive  faculty  in  the  only  way  in  which  it  appears 
possible  to  conceive  it; — that  while  some  hidden 
source  supplies  a  rapid  stream  of  possible  £ugg;^s- 
tions,  the  mind  is  on  the  watch  to  seize  and  detain 
any  one  of  these  which  will  suit  the  case  in  hand, 
allowing  the  rest  to  pass  by  and  be  forgotten ; — we 
shall  see  what  extraordinary  fertility  of  mind  is 
implied  by  so  many  successful  efforts ;  what  an 
innumerable  host  of  thouglits  must  have  been  pro- 
duced, to  supply  so  many  that  deserved  to  be 
selected.  And  since  the  selection  is  performed  by 
tracing  the  consequences  of  each  suggestion,  so  as 
to  compare  them  with  the  requisite  conditions,  we 
see  also  what  rapidity  and  certainty  in  drawing 
conclusioDS  the  mind  must  possess  as  a  talent,  aad 
what  watctfiilness  and  patience  as  a  habit. 

The  hidden  fountain  of  our  unbidden  thoughts 
is  for  us  a  mystery ;  and  we  have,  in  our  conscious- 
ness, no  standard  by  which  we  can  measure  our 
own  talents ;  but  our  acts  and  habits  are  something 
of  which  we  are  conscious ;  and  we  can  understand, 
"  A^  in  GaliW,  Ilooke,  Huygbens,  and  others. 
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therefore,  how  it  was  that  Newton  could  not  admit 
that  there  was  any  difference  between  himself  ant 
other  men,  except  in  his  possession  of  such  habits-] 
as  we  have  mentioned,  perseverance  and  vigilance. 
When  he  was  asked  how  he  made  his  discoveries, 
he  answered,  "  by  always  thinking  about  them ;" 
and  at  another  time  he  deelared  that  if  he  had  done 
anything-,  it  was  due  to  nothing  but  industry  and 
patient  thought:  "I  keep  the  subject  of  my  inquiry 
constantly  before  me,  and  wait  till  the  first  dawning 
opens  gradually,  by  little  and  little,  into  a  full  and 
clear  light."  No  better  account  can  be  gi\'en  of  the 
nature  of  the  mental  effort  which  gives  to  the  phi- 
losopher the  full  benefit  of  his  powers ;  but  the  j 
natural  pomers  of  men's  minds  are  not  on  that 
account  the  less  different  There  are  many  who 
might  wait  through  ages  of  darkness  without  being 
visited  by  any  dawn. 

The  habit  to  which  Newton  thus,  in  some  sense. 
Owed  his  discoveries,  this  constant  attention  to  the 
rising  thought,  and  developemont  of  its  results  in 
every  direction,  necessarily  engaged  and  absorbed 
his  spirit,  and  made  him  inattentive  and  almost 
insensible  to  external  impressions  and  conmion  im- 
pulses. The  stories  which  are  told  of  his  extreme 
absence  of  mind,  probably  refer  to  the  two  years 
during  which  he  was  composing  his  Prindpin.,  and 
thus  following  out  a  train  of  reasoning  the  most 
fertile,  the  most  complex,  and  the  most  important,. 
which  any  philosopher  had  ever  had  to  deal  with. 
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The    magnificent    and    striking    questions   which, 
during  this  period,  he  must  have  had  daily  rising 
before  him ;   the  perpetual  succession  of  difficult 
problems  of  which  the  solution  was  necessary  to  his 
great  ohjt'ct;  may  well  have  entirely  occupied  and 
possessed  him.     "He  existed  only  to  calculate  and 
to  think '^'."     Often,  lost  in  meditation,  he  knew  not 
what  he  did.  and  his  mind  appeared  to  have  quite 
forgotten  its  connexion  with  the  body.    His  servant 
reported  that,  in  rising  in  a  morning,  he  frequently 
sat  a  large  portion  of  the  day.  half-drossed,  on  the 
side  of  his  bed ;  and  that  his  meals  waited  on  the 
table  for  hours  before  he  eamo  to  take  them.    Even 
with  his  transeendont  powers,  to  do  what  he  did, 
was  almost  irrecoticilcable  with  the  common  con- 
ditions  of  human  life;   and   required   the  utmost 
devotion  of  thought,  energy  of  effort,  and  steadiness 
of  will, — the  strongest  character,  as  well  as  the 
highest  ondowmcnts,  which  belong  to  man. 

Newton  has  been  so  universally  considered  as 
the  greatest  example  of  a  natural  philosopher,  that 
his  moral  qualities,  as  ivell  as  his  intellect,  have 
been  referred  to  as  models  of  the  philosophical 
character:  and  tliose  who  love  to  think  that  great 
talents  are  naturally  associated  with  virtue,  have 
always  dwelt  with  pleasure  upon  the  ^'iews  given  of 
Newton  by  his  contemporaries;  for  they  have  uni- 
formly represented  him  as  candid  and  humble,  mild 
and  good.     We   may  take   as  an   example  of  the 

--  Biol. 
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improssions  prevalent  about  him  in  bis  own  time, 
the  expressions  of  Thomson,  in  the  Poem  on  his 
Death". 

Say  ye  who  beat  can  tell,  yo  Iiapjiy  few. 
Who  Baw  him  in  l\ui  sofk-st  lights  of  lifo^ 
All  unwi  til  hold,  indutf^ng  to  hia  frii'iiis 
TliG  vast  unborriiwoj  troaaarcs  of  his  mind. 
Oil,  speak  the  wondrous  mau!  how  iiiilil,  liow  catm. 
How  greatly  liumhtc,  how  diviiiuly  goitd. 
How  fina  eata-hliahod  on  eternal  truth  i 
fervent  in  doing  well,  witli  every  nerve 
Still  prewing  on,  forgetful  of  the  past. 
And  panting  for  perfection ;  fer  above 
Those  little  cans  and  viaionary  joys 
Thnt  eo  perplex  the  fond  impassioned  bi^rt 
Of  evor-chcatcd,  ever-ttusting  man. 

"  In  the  eanie  atrfiio  we  find  the  general  voice  of  tbe  time. 
For  Instanw,  ono  of  Loggan's  "  Views  of  Cainlitidg&"  19  dedi- 
cated "Isaaw  Nevrtono  -  -  Mathomatico,  Pbysico,  Chymico 
CtiQfiumm&tissimo ;  nee  nunua  suAvitate  moTum  ct  tiudurc 
animi  .  .  .  epectabUi." 

In  opposition  to  tlio  jjeneral  current  of  such  testimoty,  we 
huve  the  complaints  of  Flamsteed,  who  necrilios  to  Newton 
angry  langungo  anil  hareh  conduct  in  tlic  matter  of  tho  pul)liioa- 
tion  of  tho  Greenwich  OhBorvatinns,  and  of  Wliiaton.  Y^t  ctoh 
Flamateed  speaks  well  of  hia  ji^oncral  diapoaition.  ^\'Tiistoii  was 
himself  ao  weak  and  prejudiced  that  his  testimony  is  worth  TCty 
little. 


CHAPTER    III, 
SEQUEL  TO   TirE   EPOCH   OF   NEWTON. — RECEPTION 

OF  THE  Newtonian  Theory. 


Sect.  1. — Gene^'al  Reinarks. 

TtlE  doctrine  of  universal  gravitation,  like  other 
g^eat  steps  in  science,  required  a  certain  time 
to  make  its  waj  into  men's  minds;  and  had  to  be 
confirmed,  illustrated,  and  completed,  by  the  labours 
of  succeeding  philosophers.     As  the  discovery  itself 
was  gjeat  bejond  former  example,  the  features  of 
the  natural  sequel  to  the  discovery  were  also  on  a 
gigantic  scale ;  aud  many  vast  and  laborious  trains 
of  research,  each  of  which  might,  in  itself,  be  con- 
sidered as  forming  a  wide  science,  and  several  of 
which  have  occupied  many  profound  and  zealous 
inquirers  from   that   time   to  our  own   day,  come 
before  us  as  parts  only  of  the  verification  of  New- 
ton's  theory.     Almost   everything   that   has   been 
clone,  and  is  doing,  in  astronomy,  falls  inevitably 
under  this  description ;   and  it  is  only  when  the 
astronomer  travels  to  the  very  limits  of  his  vast 
field  of  labour,  that  he  falls  in  with   phenomena 
which  d<i  not  acknowledge  the  jurisdiction  of  the 
Newtonian  legislation.    We  must  give  some  account 
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of  the  events  of  tKis  part  of  the  history  of  astr 
nomy;  but  our  narrative  must  necessarily  be  e 
tretnoly  brief  and  imperfect;  for  the  subject  is  mo 
large  and  copious,  and  our  limits  are  fixed  am 
narrow.     We  have  here  to  do  with  the  history  o! 
discoveries,  only  so  far  as  it  illustrates  their  phi- 
losophy.    And  though  the  astronomical  discoveries 
of  the  last  century  are  by  no  means  poor,  even  1: 
interest  of  this  kind,  the  generalizations  which  thoy 
involve  arc  far  less  important  for  our  object,  in 
eonsoquenee  of  being  included  in  a  previous  gene- 
ralization.    Newton  shines  out  so  brightly,  that  all 
who  follow  seem  faint  and  dim.     It  is  not  precisely 
the  case  which  the  poet  describes; 

^  in  »  theatre  tbfi  ejce  of  men. 
After  some  well-graced  actor  leavra  tlic  atagc, 
Ate;  iilly  Ixint  on  him  that  enters  next, 
Tliinking  his  prattb  tu  be  tedious: 

but  our  eyes  are  at  least  less  intently  bent  on  the 
astronomers  who  succeeded,  and  wc  attend  to  theii| 
communications  with    less   curiosity,  because   we 
know  the  end,  if  not  the  course,  of  their  story  aB 
we  know  that  their  speeches  have  all  closed  with 
Newton's  sublime  declaration,  asserted  in  some  newj 
form. 

Still,  however,  the  account  of  the  verifieatioi 
and  extension  of  any  great  discovery,  is  a  highly- 
important  part  of  its  history.     In  this  instance  it  iofl 
most  important ;  both  from  the  weight  and  dignity 
of  the   theory  concerned,  and   the    ingenuity 
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extent  of  the  methods  cmploved:  and,  of  courso,  so 
long  as  the  Newtonian  theory  still  required  verificar 
tion,  the  quGstion  of  the  truth  or  falsehood  of  such 
a  grand  system  of  doctrines  could  not  but  excite 
the  most  intense  curiosity.  In  what  1  have  said,  I 
am  very  far  from  wishing  to  depreciate  the  value  of 
the  achievements  of  modern  astronomeTS,  but  it  is 
essential  to  my  purpose  to  mark  the  subordination 
of  narrower  to  wider  truths, — the  different  charac- 
ter and  import  of  the  labours  of  those  wlio  come 
before  and  after  tho  promulgation  of  a  master-truth. 
With  this  warning  I  now  proceed  to  my  narrative. 

S^.  2. — Reception  vftiia  Neretoiiian  Theory  in 
EmfUmd. 

There  appears  to  be  a  popular  persuasion  that 
great  discoveries  are  usually  received  with  a  pre- 
judiced and  contentious  opposition,  and  the  authors 
of  them  neglected  or  persecuted.  The  reverse  of 
this  was  certainly  the  case  in  England  with  regard 
to  the  discoveries  of  Newton.  As  we  have  already 
seen,  even  before  they  were  published,  they  were 
proclaimed  by  Halley  to  be  something  of  trans- 
cendent value ;  and  from  the  moment  of  their  ap- 
pearance, thoy  rapidly  made  their  way  from  one 
class  of  thinkers  to  anothor,  nearly  as  fast  as  the 
nature  of  uien's  intelloetual  capacity  allows.  Hal- 
ley,  WrcQ.  and  all  the  lea'ling  members  of  the 
Royal  Society,  appcaj"  to  have  embraced  the  system 
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immediately  and   zealously.     Men   whose   pursuits 
had  lain  rather  in  literature  than  in  science,  and 
who  had  not  the  knowledge  and  habits  of  mind 
which  the   strict   study  of  the   system   require* 
adopted,  on  the  credit  of  their  mathematical  frient 
the  highest  estimation  of  the  Principia,  and  a  strong 
regard  for  its  author,  as  Evelyn,  Locke,  and  Pepys. 
Only  five  years  after  the  publication,  the  principles 
of  the  work  were  referred  to  from  the  pulpit,  as  so 
ineontestably  proved  that  they  might  be  made  thc^ 
basis  of  a  theological  argument.     This  was  done  b^| 
Dr.  Bentley,  wlicn  he  preached  the  Boyle's  Lectures 
in  London,  in  1002.    Newton  himself,  from  the  tim* 
when  his  work  appeared,  is  never  mentioned  except' 
in  terms  of  profound  admiration ;  as,  for  instance, 
when  he  is  called  by  Dr.  Bentley,  in  bis  sermon'^— 
*'  That  very  excellent  and  divine  theorist.  Mr.  Isaatfl 
Newton."     It  appears  to  have  been  soon  suggested, 
that  the  Government  ought  to  provide  in  some  waj 
for  a  person  who  was  so  great  an  honour  to  th« 
nation.     Some    delay   teok    place   with    regard   to' 
this;  but,  in  1695  his  friend  Mr,  Montague,  after- 
wards earl  of  Halifax,  at   that   time   CbanccUor 
of  the    Exchequer,    made    hira   Warden    of   thi 
Mint;  and,  in  1699,  he  succeeded  to  the  higher 
office  of  Master   of  the    Mint,  a  situation    worth 
1200A  or  1500/,  a  year,  which  he  filled  to  the  end 
of  his  life.     In  1703,  he  became  President  < 
Royal  Society,  and  was  annually  re-elected  1 
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office  (luring  the  romaining  tweiity-five  years  of  his 

life.     In  irOo,  he  was  knighted  in  the  Master's 

Lodge,  at  Trinity  College,  by  Queen  Anne,  then 

on  a  visit  to  the  university  of  Cambridge.     After 

the  accession  of  George  the  First,  Newton'6  eon- 

versatioa   was  frequently  sought  by  the  Princess, 

afterwards  Queen  Caroline,  who  had  a  taste  for 

speculative  studies,  and  was  often  heard  to  declare 

in   public,   that  she    thought  herself  fortunate   in 

living  at  a  time  which  enabled  her  to  enjoy  the 

society   of  so  great  a  genius.     His  fame,  and  the 

respect  paid  him,  went  on  increasing  to  the  end 

of  his  life;  and  when,  in  1727,  full  of  years  and 

fjlory.  his  earthly  career  was  ended,  his  death  was 

mourned  as  a  national  calamity,  with  the  forms 

usually  confined  to  royalty.     His  body  lay  in  state 

in  the  Jerusalem  chamber;  his  pall  was  borne  by 

tho  firet  nobles  of  the  land;  and  his   earthly  re- 

Xuains  were  deposited  in  the  center  of  Westminster 

Abbey,  in  the  midst  of  the  memorials  of  the  greatest 

and  wisest  men  whom  England  has  produced. 

It  cannot  be  superfluous  to  say  a  word  or  two 

ton  the  reception  of  his  philosoiihy  in  the  univer- 
sities of  England.     These  are  often  represented  as 
places  where  bigotry  and  ignorance  resist,  as  long 
M   it  is  possible   to   resist,    the    invasion   of  new 
truths.     We  cannot  doubt  that  such  opinions  have 
prevailed  extensively,  when  we  find  an  intelligent 
and  generally  temperate  writer,  like  the  late  Pro- 
fessor Playfair  of  Edinburgh,  sr>  far  possessed  by 
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them,  as  to  be  incapable  of  seeing,  or  intorprctinj 
in  any  other  way,  any  facts  respecting  Oxford  anc 
Cambridge.  Yet,  notwithjitancliog  these  opinions,"" 
it  will  be  found  that,  in  the  English  universities,^ 
new  views,  whether  In  science  or  in  other  subjeets^^ 
have  been  introduced  as  soon  as  they  were  clearly 
established; — that  they  have  been  diffused  fror 
the  few  to  the  many  more  rapidly  there  than  else 
whore  occurs: — and  tliat  from  these  points,  the^ 
lights  of  newly-discovered  truths  have  most  usually  ^ 
spread  over  the  land.  In  most  instances  nndoubt 
edJy  there  has  been  something  of  a  struggle  on  sucl 
occasions,  between  the  old  and  the  new  opinions 
Few  men's  minds  can  at  once  shake  off  a  familia 
and  consistent  system  of  doctrines,  and  adopt  a  novel^ 
and  strange  set  of  principles  as  soon  as  presented:, 
but  all  can  see  that  one  change  produces  manyj 
and  that  change,  in  itself,  is  a  source  of  incon-" 
veuience  and  danger.  In  the  case  of  the  admissioi 
uf  the  Newtonian  opinions  into  Cambridge  and ' 
Oxford,  however,  there  are  no  traces  even  of  a 
struggle.  Cartesianism  had  never  struck  its  roots 
deep  in  this  country ;  that  is,  the  peculiar  liypc 
theses  of  Descartes.  The  Cartesian  books,  such^ 
for  instance,  as  that  of  Rohault  were  indeed 

and  with  good   reason;   for   they   eontainod' 
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by  far  the  best  treatises  on  most  of  the  physical  ^ 
sciences,  such  as  Mechanic.s,  Hydrostatics,  Optics,B 
and  Formal  Astronomy,  which  could  then  be  found. 
But  1  do  not  conceive  that  the  Vortices  were  ever 
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ilwclt  upon  as  a  matter  of  importance  in  our  aca- 
demic teaching.  At  any  rate,  if  they  were  liroiight 
among'  us,  they  were  soon  dissipated.  Newton's 
collejje,  and  his  university,  exulted  in  his  fame, 
and  did  their  utmost  to  honour  and  aid  him.  He 
was  exempted  by  the  king  from  the  obligation  of 
taking  orders,  under  which  the  fellows  of  Trinity 
Colluge  in  general  arc;  by  his  college  he  was  re- 
lieved from  all  offices  which  might  interfere,  how- 
ever slightly,  with  his  studious  employments,  though 
lie  resided  within  the  walls  of  the  society  thirty- 
five  years,  almost  without  the  interruption  of  a 
month'.  By  the  University  he  was  elected  their 
representative  in  parliament  in  1G88,  and  ^ain  in 
1701 ;  and  though  he  was  rejected  in  the  dissolu- 
tion in  1705,  those  wlio  opposed  him  acknowledged 
him'  to  be  "the  glory  of  the  University  and  na- 
tion,^' hut  considered  the  question  as  a  political 
one,  and  Newton  as  sent  "to  tempt  them  from 
their  duty,  by  the  great  and  just  veneration  they 
had  for  hhn."  Instruments  and  other  memorials, 
valued  because  they  belonged  to  iiim,  arc  still  prc: 
served  in  his  college,  along  with  the  tradition  of 
the  chambers  which  he  occupied. 


'  1  infer  this  ft-fltn  the  Tact  that  hiw  nnnip  is  nnwlicTO  found 
ou  till"  wilk'jc-lwioka,  sm  appointed  to  any  uf  the  offiooB  wliicli 
tisuullr  pass  ilowo  the  lUt  uf  rosiduiit  fGlluwg  in  rottktiun.  The 
uinskuK^y  of  liss  rt-aiilfnte  tu  t:L>lli'jio  ap[n^.irn  fMin  Uto  exii  and 
rvtUi  Xnntk  iiT  tki:it  timo,  wlik-k  h  alill  [irutii'tVLii. 

'  A  piini|'lil(!l  hy  St^aiii  TliiirUiy. 
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The  most  active  and  powerful  minds  at  Cam 
bridge  became  at  once  disciples  and  followers  o: 
Newton.      Samuel  Clarke,  afterwards   his  friend, 
defended  in  the  public  schools  a  thesis  taken  from 
his  philosophy,  as  early  as  tG94;  and  in  1697  pub- 
lished an  edition  of  Rohault's  Physics,  with  notes,J 
in  which  Newton  is  frequently  referred  to  with 
expressions  of  profound  respect,  though  the  lead-^ 
ing  doctrines  of  the  Principia  are  not  introduced 
till    a  later  edition,   in    1703.     In    1GU9    Beutley, 
whom  we  have  already  mentioned  as  a  Newtonian, 
became  master  of  Trinity  Colleg;e;  and  in  the  same 
year,  Whiston,  another  of  Newton's  disciples,  was 
appointed  his  deputy  as  professor  of  mathematics. 
Whiston  delivered   the  Newtonian  doctrines,   both 
troni  the   professor's  chair,  and  in  works   written 
tor  tho  use  of  the  University;  yet  it  is  remarkable 
that  a  taunt  respecting  the  late  introduction  of  the 
Newtonian  system  into  the  Cambridge  course  ofl 
edneation,  has  been  founded  on  some  peevish  ex- 
pressions which  he  uses  in  his  Memoirs,  written  at 
a  period  when,  having  incurred  expulsion  from  his  _ 
professorship  and  the  University,  he  was  naturally  B 
querulous  and  jaundiced  in  his  views.     In  1709-10 
Dr.  Laughton,  who  was  tutor  in  Clare  Hall,  pro- 
cured himself  to  be  appointed  moderator  of  the 
University  disputations,  in  order  to  promote  the 
diffusion  of  the  new  mathematical  doctrines.     By  _ 
this  time  the  first  edition  of  the  Princifna  was  be-  | 
come  rare,  and  fetched  a  great  price.    Bentley  urged 
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Xen-ton  to  publish  a  new  one :  and  Cotes,  by  far  the 
first,  at  that  time,  of  the  mathematicians  of  Cam- 
bridge, imdortook  to  superintend  the  printing,  and 
the  edition  was  accordiugly  published  iu  1713  (h). 
At  Oxford,  David  Gregory  and  Halley,  both 
zealous  and  distinguished  disciples  of  Newton,  ob- 
tained the  Savilian  professorships  of  astronomy  and 
geometry  in  1C91  and  1703;  and  in  1704  or  5, 
Keill  publicly  taught  the  Ne^vtonian  philososophy 
by  experiment.  In  the  Scotch  Universities,  James 
Gregory,  who  was  professor  at  St.  Andrew's,  ac- 
cepted the  Newtonian  philosophy  with  singular 
alacrity,  for  he  is  said*,  as  early  as  1690,  to  have 
printed  a  thesis  containing,  in  twenty-two  positions, 
a  compend  uf  Newton's  Principm.  David  Gregory, 
his  brother,  was,  before  he  removed  to  Oxford, 
professor  at  Edinburgh ;  and  would  no  doubt  in- 
troduce the  new  discoveries  there.  The  general 
diffusion  of  these  opinions  in  England  took  place, 
not  only  by  means  of  books,  but  through  the 
labours  of  various  experimental  lecturers,  like  De- 
saguliers,  who  removed  from  Oxford  to  London  in 
1713;  when  he  informs  us^  that  "he  found  the 
Newtonian  philosophy  generally  received  among 
persons  of  all  ranks  and  professions^  and  even 
among  the  ladies  by  the  help  of  experiments." 

We  might  easily  trace  in  our  literature  indica- 
tions of  the  gradual   progress  of  the  Newtonian 
iliK'triiies.     For  instance,  in  the  earlier  editions  <if 
'  Itublon'ti  Dkl.t  art,  D.  Gregory.  *  Oueag.  Prtf. 
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Pope's  Dunciud,  this  couplet  occurred,  in  the 

scription  of  the  effects  of  the  reigTi  of  Dulness  :* 

PhiIu§op]iy,  tliat  reaclied  tlie  heavens  b€foic, 
ShrinlLa  to  Iilt  kiddiii  cause,  and  is  no  more. 

"And  this,"  says  his  editor,  Warburton,  "was  la 

teuded  as  a  censure  on  the  Newtonian  philosophy 

For  the  poet  had  been  misled  by  the  prejudices  oi 

foreigners,  as  if  that  pliilosophy  had  rccuiretl  t 

the  occult  qualities  of  Aristotle.     This  was  tha 

idea  he  received  of  it  from  a  man  educated  much 

abroad,  who  bad  read  everything-,  but  everything 

superficially".     When  I  hinted  to  him  how  he  h 

been  imposed  upon,   he  changed  the  lines  wit 

great   pleasure  into  a   compliment    (as  they  now 

stand)  on  that  divine  genius,  and  a  satire  on  that 

very  folly  by  wliich  he  himself  had  been  misled. 

In  1743  it  was  printed. 

Philosophy,  that  luaDed  on.  heavi^n  l)efure 
ShnnltB  tu  lier  :Sixx>nd  cause,  and  is  no  more. 

The  Newtonians  repelled  the  charge  of  dealing 
occult  causes' ;  and,  referring  gravity  to  the  will 
of  the  Deity,  as  the  First  Cause,  assumed  a  supe- 
riority  over  those  whose  philosophy  rested  in  second 
causes  (I). 

To  the  cordial  reception  of  the  Newtonian  thco 
by  the  English  astronomers,  there  is  only  one  coa 
spicuous  exception;  which  is.  however,  one  ofsomi 
tiote,  being  no  other  than  Flamstecd,  the   Astti 

*  I   |ir«!iiH»)  Ekiliiigbrwliu  i.s  Iiutu  iiifiint. 
'  Uw  CotiMS  PrdacL'  Lu  thu  PrtKcipia. 
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noniGr  Royal,  a  most  laborious  and  exact  observer. 
Klamstced  at  first  listened  with  complacency  to  the 
promises  of  iiuprovements  in  the  Lunar  Tables, 
which  the  new  doctrines  held  forth,  and  was  willing 
to  assist  New-ton^  and  to  receive  assistance  from 
him.  But  after  a  time,  he  lost  his  respect  for 
Newton's  theory,  and  ceased  to  take  any  interest  in 
it.  lie  then  declared  to  one  of  his  correspondents', 
"I  have  determined  to  lay  thei5e  crotchets  of  Sir  Isaac 
Newton's  wholly  aside."  "We  need  not,  however, 
find  any  difficulty  in  this,  if  we  recollect  that 
Flanisteed,  though  a  good  observer,  was  no  philoso- 
pher;—  never  understood  by  a  Theory  anything 
more  than  a  Formula  which  should  predict  results; 
— anrl  was  incapable  of  comprehending  the  ob- 
ject of  Newton's  theory,  which  was  to  assign  causes 
as  well  as  rules,  and  to  satisfy  the  conditions  of 
mechanics  as  well  as  of  geometry. 

Sed.  S.—Jleception  of  the  Newtonian  Theory 
abroad. 

The  reception  of  the  Newtonian  theory  on  the  Con- 
tinent, was  much  more  tardy  and  unwilling  than  in 
its  native  island.  Kven  those  whose  mathematical 
attainments  most  fitted  them  to  appreciate  its  proofs^ 
were  prevented  by  some  peculiarity  of  view  from 
adopting  it  as  a  system ;  as  Leibnitz.  Bernoulli, 
Huygheos ;  who  all  clung  to  one  modification  or 

*  Doily's  Account  oj  Fiamiteed,  ^-c,  p.  309. 
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other  of  the  system  of  vortices.     In   France,  th 
Cartesian  system  had  obtained  a  widu  and  popul 
reception,  having  been  recommended  by  Fontenelli 
with  the  graces  of  his  style ;  and  its  empire  was  s 
firm  and  well  established  in  that  country,  that  it 
resisted  for  a  long  time  the  pressure  of  Newtonian 
arguments.     Indeed,  the  Newtonian  opinions  had 
scarcely  any  disciples  in  France,  till  Voltaire   as-^ 
serted  their  claims,  on  his  return  from  England 
in  1728:  until  then,  as  he  himself  says,  there  were 
not  twenty  Newtonians  out  of  England. 

The  hold  which  the  philosophy  of  Dcscartts' 
had  upon  the  minds  of  his  countrymen  is,  perhaps, 
not  surprizing.  He  really  had  the  merit,  a  great 
one  in  the  history  of  science,  of  having  completeljF^ 
overturned  the  Aristotelian  system,  and  introduced 
the  philosophy  of  matter  and  motion.  In  all 
branches  of  mixed  mathematics,  as  we  have  already 
said,  his  followers  were  the  best  guides  who  had 
yet  appeared.  His  hypothesis  of  vortices,  as  a 
explanatioa  of  the  celestial  motions,  had  an  a 
parent  advantage  over  the  Newtonian  doctrine,  in 
this  respect ; — that  it  referred  effects  to  the  most 
intelligible,  or  at  least  most  familiar  kinds  of  m 
chanical  causation,  namely,  pressure  and  impulsi 
And  above  all,  the  system  was  acceptable  to  most 
minds,  in  consequence  of  being,  as  was  pretended, 
deduced  from  a  few  simple  principles  by  necessary 
consequence ;  and  of  being  also  directly  connected 
with  metaphysical  and  theological  speculations.  Wi 
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may  add,  that  it  was  modified  by  its  mathematical 
adherents  in  such  a  way  as  to  remove  most  of  the 
objections  to  it.  A  vortex  revolving  about  a  center 
could  be  constructed,  or  at  least  it  was  supposed  that 
it  could  he  eonstrueted,  so  as  to  produce  a  teudciicy 
of  bodies  to  the  center.  In  all  cases,  therefore, 
where  a  central  force  acted,  a  vortex  was  supposed; 
but  in  reasoning  to  the  results  of  this  hypothesis, 
it  was  easy  to  leave  out  of  sight  all  other  effects  of 
the  vortex,  and  to  consider  only  the  central  force : 
and  wheu  this  was  done,  the  Cartesian  mathema- 
tician could  apply  to  his  problems  a  mechanical 
principle  of  some  degree  of  consistency.  This  re- 
flection will,  in  some  degree,  account  for  what  at 
first  seems  so  strange  ; — the  fact,  that  the  language 
flf  the  French  mathematicians  is  Cartesian,  for 
almost  half  a  century  after  the  publication  of  the 
Principia  of  Newton. 

There  was,  however,  a  controversy  between  the 
two  opinions  going  on  all  this  time,  and  every  day 
showed  the  insurmountable  difficulties  under  which 
the  Cartesians  laboured.  Newton,  in  the  Principia, 
bad  inserted  a  scries  of  propositions,  the  object  of 
which  was  to  prove,  that  the  machinery  of  vortices 
could  not  be  accommodated  to  one  part  of  the 
celestial  phenomena,  without  contradicting  another 
part.  A  more  obvious  difficulty  was  the  case  of 
gravity  of  the  earth;  if  this  force  arose,  as  Descartes 
asserted,  from  the  rotation  of  the  earth's  vortex 
ibout  its  axis,  it  ought  to  tend  directly  to  the  axis, 
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and  not  to  the  center.     Tlie  asserters  of  vortici 
often  tried  their  skill  in  remedyinp;  this  rice 
hypothesis,   hut   never   with  much   success.     Huy- 
ghens  supposed  th<^  ethereal  matter  of  the  vortices 
to  revolve  about  the  center  in  all  directions;  Per- 
rauH  made  the  strata  of  the  vortex  increase  i 
velocity  of  rotatiori  as  they  recede  from  the  center: 
Saurin  maintained  that  the  circumambient  resisi 
ance  which  comprises  the  vortex  will  produce 
pressure  passing  through  the  center.     The  elliptic 
form  of  the  orbits  of  the  planets  was  another  dif- 
ficulty.    Descartes  had  supposed  the  vortices  thcm- 
selveB  to  be  oval;  hut  others,  as  John  Bernoulli, 
contrived   ways  of  having  elliptical  motion  in 
circular  vortex. 

The  mathematical   prize-questions  proposed  by 
the  French  Academy,  naturally  brought  the  two 
sets  of  opinions  into  conflict.     The  Cartesian  Me-! 
moir  of  John  Bernoulli,  to  which  wc  have  jusi 
referred,   was  the   one  which  gained  the  prize  in 
1 730.    It  not  unirequentlv  happened  that  the  Aca- 
demy, as  if  desirous  to  show  its  impartiality,  divided 
the  prize  between  Cartesians  and  Newtonians.  Thus 
in  1734,  the  question  being,  the  cause  of  the  in- 
clination  of  the    orbits  of  the   planets,  the  pri 
was  shared  between  John  Bernoulli,  whose  Memoir 
was  founded  on  the  system  of  vortices,  and  his  son 
Daniel  who  was  a  Newtonian.     The  last  act  of 
homage  of  this  kind  to  the  Cartesian  system 
performed  in  1 740.  when  the  prize  on  the  question 
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of  the  tides  was  distributed  between  Daniel  Ber- 
noulli, Euler,  Maclaiirin,  and  Cavallicri ;  the  last 
of  whom  had  tried  to  patch  up  and  amend  the 
Cartesiaa  hypothesis  on  this  subject. 

Thu.s  the  Newtonian  system  was  not  adopted  in 
France  till  the  Cartesian  generation  had  died  off; 
Foiitenelle,  who  was  secretary  to  the  Academy  of 
Sciences,  and  who  lived  till  17o6,  died  a  Cartesian. 
There  were  exceptions ;   for  instance.   Delisle,   an 
astronomer  who  was  selected  by  Peter  tho  Great  of 
Russia,  to  found  the  Academy  of  St.  Petersburg; 
who  visited  England  in  1724,  and  to  whom  New- 
ton then  gave  his  picture,  and  Halley  his  Tables. 
But  in  general,  during  the  interval,  that  country 
and   this  bad  a  natioiial   difference   of  creed  on 
physical  subjects.     Voltaire,  who  visited   England 
in  17'2,7,  notices  this  difference  in  his  lively  man- 
ner.    "  A  Frenchman  who  arrives  in  London,  finds 
a  great  alteration  in  philosophy,  as  in  other  things. 
He  left  the  world  full,  he  finds  it  empty.     At  Paris 
you  see  the  universe  composed  of  vortices  of  subtile 
matter,  in  London  we  see  nothing  of  the   kind. 
With  you   it  is  the  pressure  of  the  niooii  which 
causes  the  tides  of  the  sea,  in  England  it  is  the 
sea  which  gravitates  towards  the  moon ;  so  that 
when  you  thiiik  the  moon  ought  to  give  us  high 
water,  these  gentlemen  believe  that  you  ought  to 
have   low   water;  which   unfortunately  we   cannot 
test  by  experience;  for  in   order  to  do  that,  we 
should  have  examined  the  moon  and  the  tides  at 

VOL.  11.  P 
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the  moment  of  th^e  ereatio'n.  You  will  observe  aisc 
that  the  smi,  which  in  France  has  nothing  to  «le 
with  the  business,  here  comes  in  for  a  quarter  of  \ti 
Among  you  Cartesians,  all  is  done  by  an  impiLlsioi 
which  one  does  not  well  understand ;  with  the 
Newtonians,  it  is  done  by  an  attraction  of  whid 
we  know  the  cause  no  better.  At  Paris  you  fancj 
the  earth  shaped  like  a  melon,  at  London  it  is  flat- 
tened on  the  two  sides." 

It  was  Voltaire  himself,  as  we  have  said,  wh( 
was  mainly  instrumental  in  giving  the  Newtoniai 
doctrines  currency   in  France.     He   was  at   first 
reftised  permission  to  print  his  Elements  of  tkt 
Newtonian  Pklhsophy,  by  the  chancellor,  D' Agues 
seaux.  who  was  a  Cartesian ;   but  after  the  aj 
pearance  of  this  work  in  1738,  and  of  other  writ-I 
ings  by  him  on  the    same  subject,  the  Cartesianj 
edifice,  already  without  real  support  or  consistencyj 
crumbled    to   pieces   and   disappeared.     The    first 
Memoir  in  the  Transactions  of  the  French  Academy^ 
in  which  the  doctrine   of  central  force  is  applied 
to  the  solar  system,  is  one  by  tbe  Chevalier  de 
Louville  iu  1720,  On  the  Comtructhm  and  T}feoi'^\ 
of  Tables  of  the  Sun.     In  this,  however,  the  mod* 
of  explaining  the  motions  of  the  planets  by  means 
of  an  original   impulse  and  an  attractive  force  ia 
attributed  to   Kepler,   not  to  Newton.     The   firsfcl 
Memoir  which  refers  to  the  universal  gravitation 
of  matter  is  by  Maupertuis,  in  1736.     But  Newton 
was  not  unknown  or  despised  in  France  tilt  tills 
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time.  In  lliOJ)  he  was  admitted  one  of  the  very 
small  number  of  Jbreign  associates  of  the  French 
Academy  of  Sciences.  Even  Fontenelle,  who,  as 
we  have  said,  never  adopted  his  opinions,  spoke  of 
him  in  a  worthy  manner,  in  the  Eloge  which  he 
composed  on  the  occasion  of  his.  death.  At  a  much 
earlier  period  too,  Fontenelle  did  homage  to  his 
fame.  The  following  passage  refers,  I  presume,  to 
Newton.  In  the  History  of  the  Academy  for  1708, 
which  is  written  by  the  secretary,  he  says^  in  re- 
ferring to  the  difficulty  which  the  comets  occasion 
in  the  Cartesian  hypothesis :  "  We  might  relieve 
ourselves  at  once  from  all  the  embarrassnient  which 
arises  from  the  directions  of  these  motions,  by  sup- 
pressing,, as  has  been  done  fn/  one  0/  the  greatest 
ijenimes  of  thti  age,  all  this  immense  fluid  matter, 
which  we  commonly  suppose  between  the  planets, 
and  conceiving  them  suspended  in  a  perfect  void." 

Comets,  as  the  above  passage  implies,  were  a 
kind  of  artillery  which  the  Cartesian  plenum  could 
not  resist.  When  it  appeared  that  the  paths  of 
such  wanderers  traversed  the  vortices  in  all  direc- 
tions, it  was  impossible  to  maintain  that  these 
imaginary  currents  governed  the  movements  of 
bodies  immersed  in  them ;  and  the  mechanism 
ceased  to  have  any  real  efficacy.  Both  these  pheno- 
mena of  comets,  and  many  others,  became  objects 
of  a  stronger  and  more  general  interest,  in  conse- 
quence of  the  controversy  between  the  rival  parties; 

'  Hut.  At.  Sc.  1708,1-.  103. 
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and  thus  the  prevalence  of  the  Cartesian  systei 
did   not  seriously  Impede  the  progress  of  sound 
knowledge.     In  &ome  cases,  no  doubt,  it  made  tnei^ 
unwilling  to  receive  the  truth,  as  in  the  instance^ 
of  the  deviation  of  the  comets  from  the  zodiacal 
motioa;  and  again,  when  Romci  discovered  that 
light  was  not  instantaneously  propagated.     But  it 
encouraged  observation  and  calculation,  and  thus 
forwarded   the   verification   and   extension   of  tlie 
Newtonian  system ;  of  which  process  we  roust  nowj 
consider  some  of  the  incidents 
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CHAPTER    IV. 

Sequel  to  the  E>och  of  Newton,  continued. — 
Verification  and  Completion  of  the  Newto- 
nian Theory. 


Sect.  1, — Bimsion  of  the  Siibject. 

THE  verification  of  the  law  of  universal  gravi- 
tation  as  the  governing;  principle  of  all  cos- 
mical  phenomena,  led,  as  we  have  already  stated, 
to  a  number  of  different  lines  of  research,  all  long 
and  difficult.  Of  these  we  may  treat  successively,  the 
motions  of  the  Moon,  of  the  Sun,  of  the  Planets, 
of  the  Satellites,  of  Comets;  we  may  also  consider 
separately  the  Secular  Inequalities,  which  at  first 
sight  appear  to  follow  a.  different  law  from  the 
other  changes ;  we  may  then  speak  of  the  results 
of  the  principle  as  they  atfect  this  Earth,  in  its 
Figure,  in  the  amount  of  Gravity  at  different  places, 
and  in  the  phenomena  of  the  Tides.  Each  of  these 
subjects  has  lent  its  aid  to  confirm  the  general  law ; 
but  in  each  the  confirmath^n  has  had  its  peculiar 
difficulties,  and  has  its  separate  history.  Our  sketch 
of  this  history  must  be  very  rapid,  for  our  aim 
is  only  to  show  what  is  the  kind  and  course  of 
the  confirmation  wliich  such  a  theory  demands  and 
receives. 
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For  the  same  reaison  we  pass  over  many  even' 
of  this  period  which  are  highly  important  in  t 
history  of  astronomy.  They  have  lost  much  oj 
tlicir  interest  for  us.  anil  even  for  common  read- 
ers, because  tltoy  are  of  a  class  with  which  wc  are 
Hircady  familiar,  truths  included  in  more  general 
truths  to  which  our  eyes  now  most  readily  turn. 
Thus,  the  discovery  of  new  satellites  and  plane 
is  but  &  repetition  of  what  was  done  by  Galileo 
the  determination  of  their  nodes  aud  apses,  the 
reduction  of  tlieir  motions  to  the  law  of  the  ellipse, 
is  but  a  fresh  exeniplificatiou  of  the  discoveries 
of  Kepler.  Otherwise,  the  formation  of  Tables 
the  satellites  of  Ju}iiter  aud  Saturn,  the  discove 
of  the  eecentri cities  of  the  orbits,  and  of  the  mo-. 
tions  of  the  nodes  and  apses,  by  Cassiui,  Hallejr,  and 
others,  would  rank  with  the  great  achievements 
in  astronomy.  Newton's  peculiar  advance  in  the 
TaMes  of  the  celestial  motions  is  the  introduction 
of  perturbations.  To  these  motions,  so  affected, 
wc  now  proceed. 


■n. 
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Sect.  2. — Ajrfdkatioti  of  the  Newtoimin  Tlieor^ 
the  Moon. 


TuE  Motions  of  the  Moon  may  be  firj^t  spoken  i 
as  the  most  obvious  and  the  most  important  of  the 
applications  of  the  Newtonian  Thooi7.     The  vcri-fl 
licatiou  of  such  a  theory  consists,  as  wo  have  seen 
in  previous  cases,  in  the  construction   of  Tables 
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derived  from  the  theory,  and  the  comparison  of 
these  with  observation.  The  advancement  of  as- 
tronomy would  alone  have  been  a  sufficient  motive 
for  this  labour ;  but  there  were  other  reasons  which 
ai^d  it  on  with  a  stron^r  impulse.  A  perfect 
lunar  theory,  if  the  theory  could  be  perfected, 
promised  to  supply  a  method  of  finding  the  lon- 
^tude  of  any  place  on  the  earth's  surface ;  and 
thus  the  verification  of  a  theory  which  professed 
to  be  complete  in  its  foundations,  was  identified 
with  an  object  of  immediate  practical  use  to  navi- 
j^tors  and  geographers,  and  of  vast  acknowledged 
value.  A  good  method  for  the  near  discovery  of 
the  longitude  had  been  estimated  by  nations  and 
princes  at  large  sums  of  money.  The  Dutch  were 
willing  to  tempt  Galileo  to  this  task  by  the  offer 
of  a  chain  of  gold :  Philip  the  Tliird  of  Spain  had 
promised  a  reward  for  this  object  still  earlier' ;  the 
parliament  of  England,  in  1714,  proposed  a  recom- 
pense of  iiO.OOd/.  sterling;  the  Regent  Duke  of  Or- 
li^ans,  two  years  afterwards,  offered  100,000  francs 
for  the  same  purpose.  Tliese  prizes,  added  to  the 
love  of  truth  and  of  fame,  kept  this  object  con- 
stantly before  the  eyes  of  mathematicians,  during 
the  first  half  of  the  last  century. 

li'  the  tables  could  be  so  constructed  as  to  re- 
present the  moon's  real  place  in  the  heavens  with 
extreme    precision,    an    it    would  be    seen   from   a 
'  Dd.  A.  in.  i.  :ki.  m. ' 
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standard  observatory,  the  observation  of  her  af 
parent  place,  as  seen  from  any  other  point  of  th€ 
earth's  surface,  would  enable  the  observer  to  find 
his   longitude.      The    motions   of   the    moon    had 
hitherto  so  ill  agreed  with  the  host  tables,  that  thisw 
method  failed  altogether.     Newton  had  discoverodH 
the  ground  of  this  want  of  agreement.    He  had 
shown  that  the  same  force  which  produces  the  evee 
tion,  variation,  and  annual  ecjuation,  must  produt 
also  a  long  series  of  other  inequalities,  of  various' 
magnitudes  and  cycles,  which  perpetually  drag  the 
moon  before  or  behind  the  place  where  slie  would 
be   sought  by  an  astronomer  who   knew  only  of 
those  principal  and  notorious  inequalities.     But  to 
cAlcutate  and  apply  the  new  inequalities,  was  nc 
slight  undertaking. 

In  the  first  edition  of  the  Pnnmpia  in  1687,^ 
Newton   had   not   given  any  ealculations   of  new, 
inetjualities  affecting  the  longitude   of  the   mooi 
But  in  David  Gregory's  Ehmentg  of  Physical  aiti 
Geoiitetrrml  A  sfrmiomp,  published  in  1702,  is  in- 
serted* '■  Nei^ton's  Lunar  Theory  as  applied  by  him 
to  Practice;"  in   which  the   great   discoverer    has 
given  the  results  of  his  calculations  of  eight  of 
the  lunar  equations,  their  quantities,  epochs,  and 
periods.     These  calculations  were  for  a  long  period 
the  basis  of  new  Tables  of  the  Moon,  which  wet 
piihlishod    by  various    persons';    as  by   Deli«le 
•  1..  332.    *  •  Ulftndc,  1457. 
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1715  or  1716,  Grammatici  at  Ingoldstadt  in  1726, 
Wrig-ht  in  1732.  Angelo  Capelli  at-  Venice  in  1733, 
DonthoFQe  at  Cambridge  in  1739  (k). 

Flamsteed  liad  given  Tables  of  the  Moon  upon 
llorros's  tlieorj  in  1G81,  and  wished  to  improve 
them ;  and  though,  as  we  h*ve  seen,  he  would  not, 
or  could  not,  accept  Newton's  doctrines  in  their 
whole  extent,  Newton  communicated  his  theoiy  to 
the  observer  m  the  shape  in  which  he  could  un- 
derstand it  and  use  it':  and  Flamsteed  employed 
those  directions  in  constructing  new  Lunar  Tables, 
which  he  called  his  Tkeui-y".  These  Tables  were 
not  published  till  long  after  his  death,  bj  Le  Mon- 
nicr  at  Paris  in  1746.  Thej  are  said,  by  Lalande^ 
not  to  differ  much  from  Halle/s.  Halley's  Tables 
of  the  Moon  were  printed  in  1719  or  1720,  hut 
not  published  till  after  hts  death  in  1749.  They 
had  been  founded  on  Flamsteed's  observations  and 
his  own ;  and  when,  in  1720,  Halley  succeeded 
Flamsteed  in  the  post  of  Astronomer  Royal  at 
Greenwich,  and  conceived  that  he  had  the  means 
of  much  improving  what  he  had  done  before,  he 
i>egan  by  printing  what  he  had  already  executed. 

But  Halley  had  long  proposed  a  method,  dif- 
ferent from  that  of  Newton,  but  marked  by  great 
iugenuityj  for  amending  the  Lunar  Tables.  lie 
proposed  to  do  this  by  the  use  of  a  cycle,  which 
re  have  mentioned  as  one  of  the  earliest  dis(x>- 

*  Itaily.  Accounl  nf  Flamsteed,  p.  72.  *  p.  211. 

'  Ul.  1450. 
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veries  m  astronomy; — the  period  of  223  lunations^! 
or  eighteen  years  and  eleven  days,  the  Chaldeani 
Saros.     This  period  was  anciently  used  for  predict- 
ing the  eclipses  of  the  sun  and  moon ;  for  those 
eclipses  which  happen  during  this  period,  are  re- 
peated again  m  the  same  order,  and  with  nearlyj 
the  same  circumstances,  afler  the  expiration  of  one 
such  period  and  the  commencompnt  of  a  second. 
The  reason  of  this  is,  that  at  the  end  of  such  a 
cycle,  the  moon  is  in  nearly  the  same  position  with 
respect  to  the  sun.  her  nodes,  and  her  apogee,  as 
she  was  at  first;  and  is  only  a  few  degrees  distant, 
from  the  same  part  of  the  heavens.     But  on  the 
strength  of  this  consideration,  Halley  conjectu« 
that  all  the   irregularities  of  the  moon's  motioi 
however  complex  they  may  be,  would  recur  after' 
such  an  interval;  and  that  therefore,  if  the  requisite 
corrections  were  dotemiined  by  obscn'ation  for  onaj 
such  period,  we  might  by  moans  of  them  give 
curacy  to  the  tables   for  all  succeeding  periods. 
This  idea  occurred  to  him  before  he  wa^  acquainted 
with  Newton's  views'.     After  the  lunar  theory  of 
the  Prhicijda   had  appeared,   he  could   not    help 
seeing  that  the  idea  was  confirmed  ;  for  the  inequa- 
lities of  the  moon's  motion,  which  arise  from  thaj 
attraction  of  the  sun,  will  depend  on  her  positions 
with  regard  to  the  sun,  the  apogee,  and  the  nodea 
and  therefore,  however  numerous,  will  recur  when) 
these  positions  recur. 

'  I'/iil.  Traus.  173],  p,  IW 
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Halloy  annoumTd,  in  ItiQl",  his  intention  of  fol- 
lowing this  idea  into  practice;  in  a  paper  in  which 
he  corrected  the  test  of  three  passai;es  in  Pliny,  in 
which  this  period  is  mentioned,  and  from  which 
it  is  sometimes  called  the  Plinian  period.  In  1710, 
ill  the  preface  to  a  new  edition  of  Street's  Cavoiim 
Tablet,  he  stated  that  he  had  already  confirmed  it 
to  a  cousiderahle  extent*.  And  even  after  Newton's 
theory  had  been  applied,  he  still  resolved  to  use 
his  cycle  as  a  means  of  obtaining  further  accuracy. 
On  succeeding'  to  the  Observatory  at  Greenwich  in 
1720,  he  was  further  delayed  by  finding  that  the 
instruments  had  belonged  to  Flamsteed,  and  were 
removed  by  his  executors.  "And  this,"  he  says"^, 
•'  was  the  more  grievous  to  me,  on  account  of  my 
advanced  age,  being  then  in  my  sixty-fourth  year; 
which  put  me  past  all  hopes  of  ever  living  to  sue 
a  complete  period  of  eighteen  years'  observation. 
But,  thanks  to  God,  he  has  been  pleased  hitherto 
(in  1731)  to  afford  me  sufficient  health  and  strength 
to  execute  m^  office,  in  all  its  parts,  with  my  own 
hands  and  eyes,  without  any  assistance  or  inter- 
ruption, during  ont'  whole  period  of  the  moon's 
ujiogee.  which  period  is  performed  in  somewhat 
less  than  nine  years."  He  found  the  agreement 
very  remarkable,  and  conceived  hojies  of  attaining 
the  great  object,  of  finding  the  longitude  with  the 
rf<ju!site  degree  of  e.xactness ;  nor  did  lie  give  up 

•   PAi7.  Trtrw.  r..'>3«.  '■  rh,  17:11,  [..  UI7. 

■*  lb,  I-.  193. 


his  labours  on  this  subject  till  be  had  coinpleted| 
his  Plinian  period  in  1739. 

The  accuracy  with  which  Halley  conceived  hira^ 
self  able  to  predict  the  moon's  place"  was  within 
two  minutes  of  space,  or  one  fitleenth  of  the  breadth 
of  the  moon  herself.  The  accuracy  required  for 
obtaining  the  national  reward  was  considerably 
greater.  Le  Monuier  pursued  the  idea  of  Halley'*.^B 
But  before  Ilalley's  method  had  been  completed,  it 
was  superseded  by  the  more  direct  prosecution  ofj 
Newton's  views. 

We  have  already  remarked,  in  the  history  ol 
analytical  mechanics,  that  in  the  lunar  theory,  coq- 
sidered  as  one  of  tlie  cSiSes  of  the  problem  of  thrt 
bodies,  no  advance  was  made  beyond  what  NeW' 
ton  had  done,  till  mathematicians  threw  aside  th( 
Newtonian  artifices,  and  applied  the  newly-deve*^ 
loped  generalizations  of  the  analytical  method. 
The  first  great  apparent  deficiency  in  the  agreement 
of  the  law  of  universal  gravitation  with  astrono-« 
mieal  observation,  was  removed  by  Clairaut's  im- 
proved approximation  to  the  theoretical  motion 
of  the  moon's  apogee  in  17tJ0;  yet  not  till  it  had 
caused  so  much  disquietude,  that  Clairaut  himself^ 
had  suggested  a  modification  ol"  the  law  of  attra 
tion ;  and  it  was  only  in  traciog  the  consequene 
of  this  suggestion,  that  he  found  the  Newtonian 
law  of  the  inverse  square  to  be  that  which,  when 
rightly  developed,  agreed  with  the  facts.  Euler, 
"  Phil.  Tram.  I73I,  p.  !1>5.         "  Bailly,  A.  M.  o.  131. 
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solved  the  problem  hy  the  aid  of  his  analysis  in 
174o",  and  published  Tables  of  the  Moon  in  1746. 
His  tables  were  not  very  accurate  at  first  '* ;  but  he, 
D'Alembert,  and  Clairaut,  continued  to  labour  at 
this  object,  and  the  two  latter  published  Tables  of 
the  Moon  in  1754'\  Finally,  Tobias  Majer,  an 
astronomer  of  Gbttingen^  having  compared  Euler's 
tables  with  observatiocfi,  corrected  them  so  suc- 
cessfully, that  in  1753  he  published  Tables  of  the 
Moon,  which  really  did  possess  the  accuracy  which 
Halley  only  flattered  himself  that  he  had  attained. 
Mayer's  success  in  his  first  Tables  encouraged  him 
to  make  them  still  more  perfect.  He  applied  him- 
to  the  mechanical  theory  of  the  moon's  orbit; 
corrected  all  the  coefficients  of  the  series  by  a  great 
number  of  observations;  and,  in  1755,  sent  his  new 
Tables  to  London  as  worthy  to  claim  the  prize  offered 
for  the  discovery  of  longitude.  He  died  soon  after 
(in  1762,)  at  the  early  age  of  thirty-nine,  worn  out 
by  his  incessant  labours;  and  his  widow  sent  to 
London  a  copy  of  his  Tables  with  additional  cor- 
rections. These  Tables  were  committed  to  Bradley, 
then  Astronomer  Royal,  in  order  to  be  compared 
with  observation.  Bradley  laboured  at  this  task 
with  unremitting  zeal  and  industry,  bavinjj  himself 
long  entertained  hopes  that  the  lunar  method  of 
finding  the  longitude  might  be  brought  into  general 
use.     He  and  his  assistant,  Gael  Morris,  introduced 


May 
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corrections  into  Mayers  Tables  of  17ti5.     In  hiaj 
report  of:'  175fl,  he  says'*,  that  he  did  oot  find  any 


difference 


and 


and 


I 


great  as  a  nuiuite 
in  1760,  he  adds,  that  this  deviation 
ther  diminished  by  his  corrections.  It  is  not  foreign 
to  our  purpose  to  observe  the  great  labour  which 
this  verification  required.  Not  less  than  1220  ob- 
servations, and  long  calculations  founded  upon 
each,  were  employed,  The  accuracy  which  Mayers  ^M 
Tables  possessed  was  considered  to  entitle  them  ^^ 
to  a  part  of  the  parliamentary  reward ;  they  were  ^j 
printed  in  1770,  and  his  widow  received  £3000  ^^ 
from  the  English  nation.  At  the  same  time,  Euler, 
whose  Tables  had  been  the  origin  and  foimdation  of 
Mayer's,  also  had  a  recompense  of  the  same  amount. 
This  public  national  acknowledgment  of  the 
practical  accuracy  of  these  Tables  is.  it  will  he  ^j 
observed,  also  a  solemn  recognition  of  the  truth  of  S 
the  Newtonian  theory,  as  far  as  truth  can  be  judged 
of  by  men  acting  under  the  highest  official  respon- 
sibility, and  aided  by  the  most  complete  command 
of  the  resources  of  the  skill  and  talents  of  others. 
The  finding  the  longitude  is  thus  the  seal  of  the 
moon's  gravitation  to  the  sun  and  earth ;  and  with 
this  occurrence,  therefore,  our  main  concern  with 
the  history  of  the  lunar  theory  ends.  Various  im- 
provements have  been  since  introduced  into  this 
research ;  but  on  these  we.  with  so  many  other  sub- 
jects before  us.  must  forbear  to  enter. 
'*"  Bnitlley's  Mem.  p.  xcviii. 
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5^.  3. — Application  of  tke  NemUmian  Theorp  to 
the  Planets^  SaCeUites^  and  Earth. 

The  theories  (if  the  Planets  and  Satellites,  as  af- 
fected by  the  law  of  universal  gravitation,  and 
therefore  by  perturbations,  were  naturally  Mubjeets 
of  interest,  after  tlio  promulf^ation  of  that  law. 
Some  of  the  effects  of  the  mutual  attraction  of  the 
planets  had,  indeed,  already  attracted  notice.  The 
inequality  produced  by  the  mutual  attraction  of 
Jupiter  and  Saturn  cannot  be  overlooked  by  a  good 
observer.  In  the  preface  to  the  second  edition  of 
the  Principia.  Cotes  remarks'",  that  the  perturba- 
tion of  Jupiter  and  Satiirn  is  not  unknown  to  a-stro- 
oomers.  In  Halley's  Tables  it  was  noticed^*  that 
there  are  very  great  deviations  from  regularity  in 
these  two  planets,  and  these  deviations  are  ascribed 
to  the  perturbing  force  of  the  planets  on  each  other; 
but  the  correction  of  these  by  a  suitable  equation  is 
left  to  succeeding  astronomers. 

The  motion  of  the  planes  and  apsides  of  the 
planetary  orbits  was  one  of  the  first  residts  of  their 
mutual  perturbation  which  was  observed.  In  170G, 
La  Hire  and  Maraldi  compared  Jupiter  with  the 
Hudolphine  Tables,  and  those  of  Bullialdus;  it  ap- 
peared that  his  aphelion  had  advanced,  and  that  his 
nodes  had  regressed.  In  1728.  J.  Cassini  found  that 
Saturn's  aphelion  had  in  like  manner  travelled  far- 

"  Pn-fiwi-  t-j  Principiii,  p,  xx|. 
'•  End  of  Pionrtary  TiiUloH. 


224       U[STORV  OF  PHYSICAL  ASTRONOMV. 


wards.     In  1720,  when  LouviJle  refused  to  albw  m 
his  solar  tables  the  motion  of  the  aphGlion  of  thi 
earth,  Fontenelle  observed  that  this  was  a  raisplao 
scrupulousness,  since  the  ajiholion  of  Mercury  cer-' 
tainly   advances-     Yet    this    reluctance    to    admit 
ciiange  and    irregularity  was  not  yet  overcome. 
When  astronomers  had  found  an  approximate  and 
apparent  constancy  and  regularity,  they  were  wiU 
jng  to  believe  it  absolute  and  exact.     In  the  satel- 
lites of  Jupiter,  for  instance,  they  were  unwilling  to 
admit  even  the  eccentricity  of  the  orbits ;  and  stili 
ibore,  the  variation  of  the  nodes,  inclinations,  an 
apsides.     But  all  the  fixedness  of  these  was  succes- 
sively disproved.     Fontenelle  in  1732,  on  the  O' 
sion  of  Maraldi's  discovery  of  the  eliange  of  inclina- 
tion of  the  fourth  satellite,  expresses  a  sunpieion; 
that  all  the  elements  might  prove  liable  to  change. 
*'  We  see,"  says  he, "  the  constancy  of  the  inclination 
already  shaken  in  the  three  first  satellites,  a:td  the 
eccentricity  in  the  fourth.    The  immobility  of  the 
nodes  holds  out  so  far,  but  there  are  strong  indica- 
tions that  it  will  share  the  same  fate." 

Tiie  motions  of  the  nodes  and  apsides  of  the 
satellites  are  a  necessary  part  of  the  Newtonian 
theory;  and  even  the  Cartesian  astronomers  now- 
required  only  data,  in  order  to  introduce  these 
changes  into  their  Tables. 

The  complete  reformation  of  the  Tables  of  the 
Sun,  Planets,  and  Satellites,  which  followed  as  a 
natural   consequence   from    the   revolution    which 
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Newton  had  introduced,  was  rendered  possible  by 
the  labours  of  the  great  constellation  of  mathema- 
ticians of  whom  we  have  spoken  in  the  last  book, 
Clatraut,  Euler,  D'AJembert,  and  their  successors; 
and  it  was  carried  into  effect  in  tlie  course  of  the 
last  century.  Thus  Lalande  applied  Clairaut's  theory 
to  Mars,  as  did  Mayer;  and  the  inequalities  in  this 
ease,  says  Bailly'*  in  1785,  may  amount  to  two 
minutes^  and  therefore  must  not  be  neglected.  La- 
lande determined  the  inequalities  of  Venus,  as  did 
Father  Walraesley,  an  English  mathematician ;  these 
were  found  to  reach  only  to  thirty  seconds. 

The  Planetary  Tables*'  which  were  in  highest 
repute,  up  to  the  end  of  the  last  century,  were  those 
of  Lalande.  In  these,  the  perturbations  of  Jupiter 
and  Saturn  were  introduced,  their  magnitude  being 
such  that  they  cannot  be  dispensed  with ;  but  the 
Tables  of  Mercury,  Venus,  and  Mars,  had  no  pertur- 
bations. Hence  these  latter  Tables  might  be  con- 
sidered as  accurate  enough  to  enable  the  observer 
to  find  the  object,  but  not  to  test  the  theory  of  per- 
turbations. But  when  the  calculation  of  the  mutual 
disturbances  of  the  planets  was  applied,  it  was 
always  found  that  it  enabled  mathematicians  to 
bring  tbe  theoretical  places  to  coincide  more  exactly 
vith  those  observed.  In  improving,  as  much  as 
possible,  this  coincidence,  it  is  necessary  to  deter- 
mine the  mass  of  each  planet ;  for  upon  that, 
according  to  the  law  of  universal  gravitation,  its 

'*  All.  Mod.  m.  170.      "  Airy.  licparl  ott  Ast.  to  Brit.  Ass.  1032. 
VOL.  II.  Q 
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disturbing  power  depends.  Thus,  in  1813,  Lindenau 
published  Tables  of  Mercury,  and  concluded,  from 
theiu,  that  a  considerable  increase  of  the  supposed 
mass  of  Venus  was  necessary  to  reconcile  theory 
with  observation*".  He  had  published  Tables  of 
Venus  in  IHIO,  and  of  Mars  in  1811.  And,  in 
proving  Bouvani's  Tables  of  Jupiter  and  Saturn, 
values  were  obtained  of  the  masses  of  those  planets. 
The  form  in  which  the  question  of  the  truth  of  the 
doctrine  of  universal  gravitation  now  offers  itself  to 
the  minds  of  astronomers^  is  this : — that  it  is  taken 
for  granted  that  it  will  account  for  the  motions  of 
the  heavenly  bodies,  and  the  question  is,  with  what 
supposed  masses  it  will  give  the  beM  aecouut".  The 
coatinually-inereasing  accuracy  of  the  table  shows 
the  truth  of  the  fiindamental  assumption. 

The  question  of  perturbation  is  exemplified  in 
the  satellites  also.  Thus  the  satellites  of  Jupiter 
are  not  only  disturbed  by  the  sun,  a^  the  raoon  is, 
but  also  by  each  other,  as  the  planets  are.     This 

"  Aiiy.  Repori  on  Ast.  to  Brit.  Am.  1832. 

**  Among  tlie  most  important  currGctions  of  ttie  Euppoaed 
tnnsses  uf  the  plaaeta,  we  .may  nnticu  t)ia,t  af  Jupiter,  by  Pro- 
fessor Airy.  This  deteimiiiation  of  Jupiter's  mass  was  founded, 
not  on  the  effect  as  f/nvn  in  pf^rturbntions,  bnt  on  a  much  more 
direct  datum,  the  time  of  revolution  of  his  fourtii  satellite.  IL 
appeared,  from  thia  calculation,  that  Jupitor's  maea  rcqnirvd  to 
be  increased  by  about  l-80th.  This  result  njj^rees  witli  that 
wliicl]  has  been  derived  by  Gemian  astronomers  from  tlie  pex- 
turliations  wliich  the  attractions  of  Jupiter  prmlucea  in  the  four  ' 
new  planets,  and  haa  teen  generivlly  adopted  tie  an  impro\cmen4 
of  the  clemcuts  of  our  system. 
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mutual  action  gives  rise  to  some  very  curious  rela^ 
tions  among  their  motions;  which,  like  most  of  the 
other  leading  inequalities,  were  forced  upon  the 
notice  of  astronomers  by  observation  before  thej 
were  obtained  by  mathematical  calculation.  In 
Uradley's  remarks  upon  his  o^vn  Tables  of  Jupiter's 
Satellites,  published  among  Halley's  Tables,  he  ob- 
aerves  that  the  places  of  the  three  interior  satellites 
are  affected  by  errours  which  recur  in  a  cycle  of 
437  days,  answering  to  the  time  in  which  they 
return  to  the  same  relative  position  with  regard  to 
each  othur,  and  to  the  axis  of  Jupiter's  shadow. 
Wargentin,  who  had  noticed  the  same  circumstance 
without  knowledge  of  what  Bradley  had  done,  ap- 
plied it,  with  all  diligence,  to  the  purpose  of  im- 
proving the  tables  of  the  satellites  in  1746.  But,  at 
a  later  period,  Laplace  established,  by  mathematical 
reasoning,  the  very  curious  theorem  on  which  this 
cycle  depends,  which  he  calls  tJie  libration  of  Ju- 
pUers  gatellites .-  and  Delambre  was  then  able  to 
publish  Tables  of  Jupiter's  Satellites  more  accurate 
than  those  of  Wargentin,  which  he  did  in  ITSQ'*. 

The  progrcvss  of  physical  astronomy  from  the 
time  of  Euler  and  Clairaut,  has  consisted  in  a  series 
of  calculations  and  comparisons  of  the  most  abstruse 
and  recondite  kind.  The  formation  of  tables  of  the 
planets  and  satellites  from  the  theory  required  the 
solution  of  problems  much  more  complex  than  the 
Dfiginal  case  of  the  problem  of  three  bodies.  The 
"   Voiron.  Hwr.  >*5J.  p.  322. 
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real  motions  of  the  planets  and  their  orbits  are 
rendered  still  further  intricate  by  this,  that  all  the 
lines  and  points  to  which  we  can  refer  them,  are 
themselves  in  motion.  The  task  of  carrying  order 
and  law  into  this  mass  of  apparent  confusion,  has 
required  a  long  series  of  men  of  transcendent  intel- 
lectual powers ;  and  a  perseverance  and  delicacy  of 
observation,  such  as  we  have  not  the  smallest 
example  of  in  any  other  subject.  It  is  imposeible 
here  to  give  any  detailed  account  of  these  labours; 
but  we  may  meTJtion  one  instance  of  the  complex 
considerations  which  enter  into  them.  The  nodes 
of  Jupiter's  fourth  satellite  do  not  go  backwards*', 
as  the  Newtonian  theory  seems  to  require;  they 
advance  upon  Jupiter's  orbit.  But  then,  it  is  to  be 
recollected  that  the  theory  requires  the  nodes  to 
retrogratle  upon  the  orbit  of  the  perturbing  body, 
which  is  here  the  third  satellite;  and  Lalande 
showed  that,  by  the  necessary  relations  of  space, 
the  latter  motion  may  be  retrograde  though  the 
former  is  direct. 

Attempts  have  been  made,  from  the  time  of  the 
solution  of  the  problem  of  three  bodies  to  the  pre- 
sent, to  give  the  greatest  possible  accuracy  to  the 
Tables  of  the  Sun,  by  considering  the  e&ect  of  the 
various  perturbations  to  which  the  earth  is  subject. 
Thus,  in  1756,  Euler  calculated  the  effect  of  the 
attractions  of  the  planets  on  the  earth  (the  prize- 
question  of  the  French  Academy  of  Sciences)  and 
"  Baitly,  iii.  I7fi. 
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Clairaut  soon  after.  Lacaille.  making  use  of  these 
i*esults,  and  of  his  own  numerous  observations, 
published  Tables  of  the  Sun.  In  1786,  Delambre* 
undertook  to  verify  and  improve  these  tables,  by 
comparing  them  with  314  observations  made  by 
Maskelyne,  at  Greenwich,  in  1775  and  1784,  and  in 
some  of  the  intermediate  years,  He  corrected  most 
of  the  elements;  but  he  could  not  remove  the  imcer- 
tainty  which  occurred  respecting  the  amount  of  the 
inequality  produced  by  the  reaction  of  the  moon. 
He  admitted  also,  in  pursuance  of  Clairaut's  theory, 
a  second  term  of  this  inequality  depending  on  the 
moon's  latitude ;  but  irresolutely,  and  half-disposed 
to  reject  it  on  the  authority  of  the  observations. 
Succeeding  researches  of  mathematicians  have 
shown,  that  this  term  is  not  admissible  as  a  result 
of  mechanical  principles.  Delambre's  Tables,  thus 
unproved,  were  exact  to  seven  or  eight  seconds'* ; 
which  was  thought,  and  truly,  a  very  close  coin- 
cidence for  the  time.  But  astronomers  were  far 
from  resting  content  with  this.  In  1806,  the  French 
Board  of  Longitude  published  Delambre's  improved 
Solar  Tables;  and  in  the  Connaissanre  des  Terns 
for  1816,  Burckhardt  gave  the  results  of  a  com- 
parison of  Delambre's  Tables  with  a  great  number 
of  Maskelyne's  observations ; — far  greater  than  the 
number  on  which  they  were  founded".  It  appeared 
that  the  epoch,  the  perigee*  and  the  eccentricity. 

*•  Voiron.  Hist.  p.  315.  "  Montucia,  iv.  42. 

"  Airy.  Report.,  p.  160. 
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required  sensible  alterations,  and  that  the  mass  of 
Venus  ought  to  be  reduced  about  oue-ninth,  and 
that  of  the  moon  to  be  sensibly  diminished.  In 
1827,  Professor  Airy"',  of  Cambridge,  compared 
Delambre'e  tables  with  2000  Greenwich  obsen'a- 
tions,  made  with  the  new  transit-instrument,  and 
deduced  from  this  comparison  the  correction  of  the 
elements.  These  in  general  agreed  closoly  with 
Burckhardt's,  excepting  that  a  diminution  of  Mars 
appeared  necessary.  Some  discordances,  however, 
led  Professor  Airy  to  suspect  the  existence  of  an 
inequality  which  had  escaped  the  sagacity  of  La- 
place and  Burekhardt.  And,  a  few  weeks  after  this 
suspicion  had  been  expressed,  the  same  mathema- 
tician announced  to  the  Royal  Society  that  he  had 
detected,  in  the  planetary  theory,  such  an  inequality, 
hitherto  unnoticed,  arising  from  the  mutual  attrac- 
tion of  Venus  and  the  Earth.  Its  whole  effect  on  the 
earth's  longitude,  would  be  to  increase  or  diminish 
it  by  nearly  throe  seconds  of  spaee,  and  its  period  is 
about  240  years.  "This  term,"  he  adds.  "  accounts 
completely  for  the  difference  of  the  secular  motions 
given  by  the  comparisons  of  the  epochs  of  17t^3 
and  1821,  and  by  that  of  the  epochs  of  1801  and 
1821." 

Many  excellent  tables  of  the  motions  of  the  sun, 

moon,  and  planets,  were  published  in  the  latter  part 

of  last  century ;    but  the  Bureau  des  Longitudes, 

wliich  was  established  in  France  in  1795,  endea- 

"  P&U.  Traiu.  1828. 
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voiired  to  give  uew  or  improved  tiibles  of  most  of 
these  motions.  Thus  were  produced  Delambre'a 
Tables  of  the  Sun,  Burg's  Tables  of  the  Moou,  Bou- 
vard's  Tables  of  Jupiter,  Saturn,  and  Uranus.  The 
a^eement  between  these  and  observation  is,  in 
general  truly  marvellous  (l). 

We  may  notice  here  a  difference  in  the  mode  of 
referring  to  observation  when  a  theory  is  first  esta- 
blished, and  when  it  is  afterwards  to  be  confirmed 
and  corrected.  It  was  remarked  as  a  merit  in  the 
method  of  Hipparchus^  and  an  evidence  of  the 
mathematical  coherence  of  his  theory,  that  in  order 
to  determine  the  place  of  the  sun's  apogee,  and  the 
eccentricity  of  his  orbit,  he  required  to  know  no- 
thing besides  the  lengths  of  winter  and  spring.  Bnt 
if  the  fewness  of  the  requisite  data  is  a  beauty  in 
the  first  fixation  of  a  theory,  the  multitude  of  ob- 
servations to  which  it  applies  is  its  excellence  when 
it  is  established ;  and  in  correcting  tables,  mathe- 
maticians take  far  more  data  than  would  be  re- 
quisite to  determine  the  elements.  For  the  theory 
ought  to  account  for  ali  the  facts :  and  since  it  will 
not  do  this  with  mathematical  rigour  (for  observa- 
tion is  not  perfect),  the  elements  are  determined, 
not  so  as  to  satisfy  any  selected  observations,  but  so 
as  to  make  the  whole  mass  of  errour  as  small  as 
possible.  And  thus  in  the  adaptation  of  theory  to 
observation,  even  in  its  most  advanced  state,  tiiere 
is  room  for  sagacity  and  skill,  prudence  and  judg- 
ment. 
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In  this  manner,  by  selecting  the  best  mean  ele- 
ments of  the  motions  of  the  heavenly  bodies,  the 
observed  motions  deviate  from  this  mean  in  the 
way  the  theory  points  out,  and  constantly  return 
to  it.  To  this  general  rule,  of  the  constant  re- 
turn to  a  mean,  there  are,  however,  some  apparent 
exceptions,  of  which  we  shall  now  speak. 


Sect.  3. — Application  of  the  Newtonian  Theory  to 
Secular  Ijteqitalities. 

Secular  Inequalities  in  the  motions  of  the  heavenly 
bodies  occur  in  consequence  of  changes  in  the  ele- 
ments of  the  solar  system,  which  go  on  progressively 
from  age  to  age.  The  example  of  such  changes 
which  was  first  studied  by  astronomers,  was  the 
Acceleration  of  the  Moon's  Mean  Motion,  discovered 
by  Halley.  The  observed  fact  was,  that  the  moon 
now  moves  in  a  very  small  degree  quicker  than 
she  did  in  the  earlier  ages  of  the  world.  When 
this  was  ascertained,  the  various  hypotheses  which 
appeared  likely  to  account  for  the  fact  were  re- 
duced to  calculation.  The  resistance  of  the  me- 
dium in  which  the  heavenly  bodies  move  was  the 
most  obvious  of  these  hypotheses.  Another,  which 
was  for  some  time  dwelt  upon  by  Laplace,,  was 
the  successive  transmission  of  gravity,  that  is,  the 
hypothesis  that  the  gravity  of  the  earth  takes  a 
certain  finite  time  to  reach  the  moon.  But  none 
of  these  suppositions  gave  satisfactory  conclusions: 
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anJ  the  strength  of  Euler,  D'Alembert,  Lagrange, 
and  Laplace,  was  for  a  time  foiled  by  this  difficulty. 
At  len^h,  in  1787,  Laplace  announced  to  the  Aca- 
demy that  he  had  discovered  the  true  cause  of  this 
acceleration,  and  that  it  arose  from  the  action  of 
the  sun  upon  the  moon,  combined  with  the  secular 
variation  of  the  eccentricity  of  the  earth's  orbit. 
It  was  found  that  the  cifects  of  this  combination 
would  exactly  account  for  the  changes  which  had 
hitherto  so  perplexed  mathematicians.     A  very  re- 
markable   result   of  this   investigation   was,   that 
"this  Secular  Inequality  of  the  motion  of  the  moon 
is  periodical,  but  it  requires  millions  of  years  to 
re-establish  itself;"  so  that  after  an  almost  incon- 
ceivable time,  the  acceleration  will  become  a  re- 
tardation.     Lajilace   some  time  after  {in  1707,) 
announced  other  discoveries  relative  to  the  secu- 
lar motions  of  the  apogee  and  the  nodes  of  the 
moon's  orbit.     Laplace  collected  these  researches 
in  his  "  Theory  of  the  Moon,"  which  he  published 
in  the  third  volume  of  the  Mt'canit^ue  Celeste  in 
1802. 

A  similar  ease  occurred  with  regard  to  an  acce- 
leration of  Jupiter's  mean  motion,  and  a  retardation 
of  Saturn's,  which  had  been  observed  by  Cassini^ 
Maraldi,  and  Horrox.  After  several  imperfect  at- 
tempts by  other  mathematicians,  Laplace  in  1787 
found  that  there  resulted  from  the  mutual  attrac- 
tion of  these  two  planets  a  great  Inequality,  of 
vhich  the  period  is  920  years  and  a  hal^  and  which 


234 


HISTORY  OF  PHYStCAL  ASTRONOMY. 


has  accelerated  Jupiter  and  retarded  Saturn  ever 
since  the  restoration  of  astronomy. 

Tlius  the  secular  inequalities  of  the  celestial 
motious,  like  all  the  others,  confirm  the  law  of 
universal  gravitation.  They  are  called  "  secular," 
because  ages  are  requisite  to  unfold  their  existence, 
and  because  they  are  not  obviously  periodical.  They 
might,  in  some  measure,  be  considered  as  extensions 
of  the  Newtonian  theory,  for  though  Newton's  law 
accounts  for  such  facts,  he  did  not,  so  far  as  we 
know,  foresee  such  a  result  of  it.  But  on  the  other 
hand,  tliey  are  exactly  of  the  same  nature  as  those 
which  he  did  foresee  and  calculate.  And  when  we 
call  them  secular^  in  opposition  to  periodical,  it  is 
not  that  there  is  any  real  difference,  for  they,  too, 
have  their  cycle;  but  it  is  that  we  have  assumed 
our  uiean  motion  without  allowing  for  these  long 
inequalities.  And  thus,  as  Laplace  observes  ou  this 
very  occasion'',  the  lot  of  this  great  discovery  of 
gravitation  is  no  less  than  this,  that  every  apparent 
exception  becomes  a  proof,  every  difficulty  a  new 
occasion  of  a  triumph.  And  such,  as  he  truly  adds, 
is  the  character  of  a  true  theory, — of  a  real  repre- 
seutation  of  uature. 

It  is  impossible  for  us  here  to  enumerate  even 
the  principal  objects  which  have  thus  filled  the 
triumphal  march  of  the  Newtonian  theory  from  its 
outset  up  to  the  present  time.  But  among  these 
secular  changes,  we  may  mention  the  Diminution  of 

'"  S^il.  a,i  Monde.  8vo.  ii.  .37. 


SEQUEL  TO  THE  EPOCH  OF  NEWTON.      235 


the  Obliquity  of  the  Ecliptic,  which  has  been  going 
on  from  the  earliest  times  to  the  present.  This 
change  has  been  explained  hy  theory,  and  showu  to 
haye,  like  all  the  other  changes  of  the  system,  a 
limit,  after  which  the  <^mLnutiou  will  be  converted 
into  an  increase. 

We  may  mention  here  some  subjects  of  a  kind 
somewhat  different  from  those  just  spoken  of.  The 
true  theoretical  quantity  of  the  Precession  of  the 
Equinoxes,  which  had  been  erroneously  calculated 
by  Newton,  was  shown  by  D'Alembert  to  agree  with 
observation.  The  constant  coincidence  of  the  Nodes 
of  the  Moon's  Equator  with  those  of  her  Orbit,  was 
proved  to  result  from  mechanical  principles  by  La- 
grange. The  curious  circumstance  that  the  Time  of 
the  Moon's  rotation  on  her  axis  is  equal  to  the 
Time  of  her  revolution  about  the  earth,  was  shown 
to  be  consistent  with  the  results  of  the  laws  of 
motion  by  Laplaee.  Laplace  also,  as  we  have  seen, 
explained  certain  remarkable  relations  which  con- 
stantly connect  the  longitudes  of  the  three  first 
satellites  of  Jupiter;  BaiUy  and  Lagrange  analyzed 
and  explained  the  curious  librations  of  the  nodes 
and  incliuations  of  their  orbits ;  and  Laplace  traced 
the  effect  of  Jupiter's  oblate  figure  on  their  motions, 
which  masks  the  other  causes  of  inequality,  by 
tleterminiag  the  direction  of  the  motions  of  the 
perijove  and  node  of  each  satellite. 
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Sees.  4. — Applimtion  of  the  Newtonian  Thef>ry\ 
to  the  New  Planets. 

We  are  now  so  accustomed  to  consider  the  Ne^ 
tonian  theory  as  true,  that  we  can  hardly  imagint 
to  ourselves  the  possibility  that  those  planets  which* 
were  not  discovered  when  the  theory  was  founded, 
should  contradict  its  doctrines.     We  can  scarcelj^ 
conceive  it  possible  that  Uranus  or  Ceres  should 
have  been  found  to  violate   Kepler's  laws,  or  to 
move  without  suffering  perturbations  from  Jupiter 
and  Saturn.     Yet  it'  we  can  suppose  men  to  have, 
had  any  doubt  of  the  exact  and  universal  truth 
the  doctrine  of  universal  gravitation,  at  the  peric 
of  these  discoveries,  they  must  have  scrutinized  the 
motions  of  these  new  bodies  with  an  interest  far 
more  lively  than  that  with  which  we  now  look  for 
the  predicted  return  of  a  comet.    The  solid  estar. 
blishraent  of  the  Newtonian  theory  is  thus  sho\ 
by  the  manner  in  which  we  lake  it  for  ^antec 
not  only  in  our  reasonings,  but  in  our  feelings.  But 
though  this  is  so,  a  short  notice  of  the  process  byS 
which  the  new  planets  were  brought  within  the 
domain  of  the  theory  may  properly  find  a  place  ^ 
here.  V 

William  Flersehel,  a  man  of  great  energy  and 
ingenuity,  who  had  made  material  improvements 
in  reflecting  telescopes,  observmg  at  Bath  on  the 
13th  of  March,  1783,  discovered,  in  the  constella- 
lation  Gemini,  a  star  larger  and  less  luminous  tba 
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the  fixed  stars.  On  the  application  of  a  more 
powerful  telescope,  it  was  seen  magiiified,  and  two 
davs  afterwards  he  perceived  that  it  had  changed 
its  place.  The  attention  of  the  astronoinical  world 
was  directed  to  this  new  olyeet.  and  the  best  astro- 
nomers in  every  part  of  Europe  employed  them- 
selves in  following  it  along  the  sky^". 

The  admission  of  an  eighth  planet  into  the  long 
established  list,  was  a  notion  so  foreign  to  men's 
thoughts  at  that  time,  that  other  suppositions  were 
first  tried.  The  orbit  of  the  new  body  was  at  first 
calculated  as  if  it  had  been  a  comet  running  in  a 
parabolic  path.  But  in  a  few  days  the  star  de- 
viated from  the  course  thus  assigned  it :  and  it  was 
in  vain  that  in  order  to  represent  the  obscr  vat  ions, 
the  perihelion  distance  of  the  parabola  was  in- 
creased from  fourteen  to  eighteen  times  the  earth's 
distance  from  the  sun.  Saron.  of  the  Academy  of 
Sciences  of  Paris,  is  said^'  to  have  been  the  first 
person  who  perceived  that  the  places  were  better 
represented  by  a  curcle  than  by  a  parabola:  and 
Lexell,  a  celebrated  mathematician  of  Petersburg, 
found  that  a  motion  in  a  circular  orbit,  with  a 
radius  double  of  that  of  Saturn,  would  satisfy  all 
the  observations.  This  made  its  period  about  eighty- 
two  years. 

Lalande  soon  discovered  that  the  circular  mo- 
tion was  subject  to  a  sensible  inequality :  the  orbit 
uas.  in   fact,  an  ellipse,  like  those  of  the  other 
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planets.  To  detennine  the  equation  of  the  center 
of  a  hodj  which  revolves  so  slowly,  would,  accord- 
ing to  the  ancient  methods,  have  required  many 
jEiars:  but  Laplace  contrived  methods  by  which  the 
elliptical  elements  were  determined  from  four  ob- 
servations, within  Uttlo  more  than  a  year  from  Its 
first  discovery  by  Herschel.  These  calculations 
were  soon  followed  by  tables  of  the  new  planet, 
published  by  Nouet. 

In  order  to  obtain  additional  accuracy,  it  now 
became  necessary  to  take  account  of  the  perturba- 
tions. The  French  Academy  of  Sciences  proposed, 
in  1789,  the  construction  of  new  Tables  of  this 
Planet  as  its  prize-question.  It  is  a  curious  illus- 
tration of  the  constantly  accumulating  evidence 
of  the  theory,  that  the  calculation  of  the  pertur- 
bations of  the  planet  enabled  astronomers  to  dis- 
cover that  it  had  been  observed  as  a  star  in  three 
different  positions  in  former  times ;  namely,  by 
Flanisteed  tii  1690,  by  Mayer  in  175G,  and  by  Le 
Monnier  in  1769.  Delambre,  aided  by  this  dis- 
covery and  by  the  theory  of  Laplace,  calculated 
Tables  of  the  planet,  which,  being  compared  with 
observation  for  three  years,  never  deviated  from  it 
more  than  seven  seconds.  The  Academy  awarded 
its  prize  to  these  Tables,  they  were  adopted  by  the 
astronomers  of  Europe,  and  the  planet  of  Eferscliel 
now  conforms  to  the  laws  of  attraction,  along  with 
those  ancient  members  of  the  known  system  fr<jm 
which  the  theory  was  inferred. 
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The  history  of  the  discovery  of  the  other  new 
planets,  Ceres,  Pallas,  Juno,  and  Vesta,  is  nearly 
similar  to  that  just  related,  except  that  their  pla- 
netary character  was  more  readily  believed.  The 
first  of  these  was  discovered  on  the  first  day  of  this 
century  by  Piazzi,  the  astronomer  at  Palermo ;  but 
he  had  only  begim  to  suspect  its  nature,  and  had 
not  completed  his  third  observation,  when  his 
labours  were  suspended  by  a  dangerous  illness:  and 
ou  his  recovery  the  star  was  invisible,  being  lost 
in  the  rays  of  the  sun. 

He  declared  it  to  be  a  planet  with  an  elliptical 
orbit ;  but  the  path  which  it  followed,  on  emerging 
from  the  neighbourhood  of  the  sun.  was  not  that 
which  Piazzi  had  traced  out  for  it.  Its  extreme 
smallncss  made  it  difficult  to  rediscover;  and  the 
whole  of  the  year  18(11  was  employed  in  searching 
the  sky  ibr  it  in  vain.  At  last,  after  many  trials, 
Von  Zach  and  Olbers  again  found  it,  the  one  on 
the  last  day  of  1801,  the  other  on  the  first  day  of 
1802.  Gauss  and  Burckhardt  immediately  used 
the  new  observations  in  determining  the  elements 
of  the  orbit;  and  the  former  invented  a  new  method 
for  the  purpose,  Ceres  now  moves  in  a  path  of 
which  the  course  and  inequalities  are  known,  and 
can  no  more  escape  the  scrutiny  of  astronomers. 

The  second  year  of  the  nineteenth  century  also 
pruduced  its  planet.  This  was  discovered  by  Dr. 
Olbers,  a  physician  of  Bremen,  while  he  was  search- 
ing for  Ceres  among  the  stars  of  the  constellation 
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Virgo.     He  found  a  star  which  had  a  perceptible 
motion  eren  in  the  space  of  two  hours.     It  w. 
soon  announced  as  a  new  planet,  and  received  fro 
its  discoverer  the  name  of  Pallas,     As  in  the 
of  Ceres,  Burckhardt  and  Gauss  employed  them- 
selves in  calculating  its  orbit.     But  some  peculiar 
difficulties  here  occurred.  Its  eccentricity  is  greater 
than  that  of  any  of  the  old  planets,  and  the  ine 
nation  of  its  orbit  to  the  ecliptic  is  not  less  th. 
thirty-five  degrees.  These  circimi stances  both  mad 
its  perturbations  large,  and  rendered  them  difficult 
to   calculate.      Burckhardt  employed   the   known 
processes  of  analysis,   but  they  were  found  Insuf- 
ficient: and  the  Imperial  Institute  (as  the  Fren 
Academy  was  termed  during  the  reign  of  Nap' 
leon,)   proposed   the  perturbations  of  Pallas  as 
prize-question. 

To  these  discoveries  succeeded  others  of  the 
same  kind.  The  German  astronomers  agreed 
examine  the  whole  of  the  zone  in  which  Ceres  ani 
Pallas  more;  in  the  hope  of  finding  other  planet 
fragments,  as  Olbers  conceived  they  might  possiblj 
be,  of  one  original  mass.  In  the  course  of  this 
research,  Mr.  Harding  of  Lilienthal,  on  the  1st  of 
September,  1804,  found  a  new  star,  which  he  soon 
was  led  to  consider  as  a  planet.  Gauss  and  Burck- 
hardt also  calculated  the  elements  of  this  orbit,  and 
the  planet  was  named  Juno. 

After  this  discovery,  Olbers  sought  the  sky  foi 
additional   fragments  of  his  planet   with   extraor 
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dinar^  perseveranee.  He  conceived  that  oiie  of  two 
opposite  constellations,  the  Virgin  or  the  Whale, 
was  the  place  where  its  separation  must  have  taken 
place :  and  where,  therefore,  all  the  orbits  of  all 
the  portions  must  pass.  He  resolved  to  survey. 
three  times  a  year,  all  the  small  stars  in  th^se  two 
legions.  This  undertaking,  so  curious  in  its  nature, 
was  successful.  The  2{)th  of  March,  1807,  he  dis- 
covered Vesta,  which  was  soon  found  to  be  a 
planet.  And  to  show  the  manner  in  which  Olbers 
pursued  his  lahours,  we  may  state  that  he  after- 
wards published!  s.  notification  that  he  had  examined 
the  same  parts  of  the  heavens  with  such  regularity, 
that  he  was  certain  no  new  planet  had  passed  that 
way  between  1808  and  1816.  Gauss  and  Burck- 
hardt  computed  the  orbit  of  Vesta;  and  wheti  Gauss 
compared  one  of  his  orbits  with  twenty-two  obser- 
vations of  M.  Bouvard,  he  found  the  errours  below 
seventeen  seconds  of  space  in  right  ascension,  and 
still  less  in  declination  (m). 

The  elements  of  all  these  orbits  have  been  suc- 
cessively improved,  and  this  has  been  done  entirely 
by  the  German  mathematicians'^.  These  pertur- 
bations are  calculated,  and  the  places  for  some 
time  before  and  after  opposition  are  now  given  in 
the  Berlin  Ephemeris.  •'  I  have  lately  obseri'ed," 
says  Professor  Airy,  "and  compared  with  the  Berlin 
Ephemeris,  the  right  ascen.sions  of  Juno  and  Vesta, 
and  I  find  that  they  are  rather  more  accurate  than 

"  Airy,  Hep.  l.'i?. 
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those  of  Venus:"  so  complete  is  the  confirmation 
of  the  theory  by  these  new  bodies ;  so  exact  are  the 
methods  of  trax^iing  the  theory  to  its  consequences.   J 

We  may  observe  that  all  these  new-discovered 
bodies  have  received  names  taken  from  the  ancient, 
mythology.    In  the  case  of  the  first  of  these, 
trouomers  wore  originally  divided;  the  discovere 
himself  named  it  the  Georgium  Sidus,  in  honour 
of  his  patron,  George    the  Third;  Lalande  and 
others  called  it  Herschel.     Nothing  can  be  more 
just  than  this  mode  of  perpetuating  the  fame  of  ^ 
the  author  of  a  discovery ;  but  it  was  felt  to  be  un*H 
graceful  to  violate  the  homogeneity  of  the  ancient 
system  of  names.     Astronomers  tried  to  find  fa 
the  hitherto  neglected  denizen  of  the  skies,  an  af 
propriate  place  among  the  deities  to  whose  assom* 
biy  he    was   at    last  admitted ;   and    Ura-niis,   the' 
father  of  Saturn,  was  fixed  upon  as  best  suiting^ 
the  order  of  the  course. 

The  mythological  nomenclatiu*  of  planets  a[ 
peared  from  this  time  to  be  generally  agreed 
Piazzi  termed  his,  Ceres  Ferdfrniiuha.     The  fii 
term^  which  contains  a  happy  allusion  to   Sicilj 
the  country  of  the  discovery  in  modem,  and  of  tl 
goddess  in  ancient,  times,  has  been  accepted ;  tl 
attempt  to  pay  a  compliment  to  royalty  out  of  th^ 
products  of  science,  in  this  as  in  most  other  ca 
bas  been  set  aside.     Pallas,  Juno,  and  Vesta,  werf ' 
nametl  without  any  peculiar  propriety  of  selec  ' 
according  to  the  choice  of  their  discoverers  (n). 
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Se^i.  5. — ApplimtUm  of  the  NeteUmian  Theory 
to  Comets. 

A  FEW  words  must  be  said  upon  another  class  oi" 
bodies,  which  at  first  seemed  as  lawless  as  the 
clouds  and  winds ;  and  which  astronomy  has  re- 
duced to  a  regularity  as  complete  as  that  of  the 
sun ; — upon  Cornets.  No  part  of  the  Newtonian 
discoveries  excited  &  more  intense  interest  than  this. 
These  anomalous  visitants  were  anciently  gazed  at 
with  wonder  and  alarm ;  and  might  still,  as  in 
former  times,  be  accused  of  "  perplexing  nations," 
thoug-h  with  very  diiferent  fears  and  questionings. 
The  conjecture  that  they,  too,  obeyed  the  law  of 
universal  gravitation,  was  to  be  verified  by  show- 
ing that  they  described  a  curve  such  as  that  force 
would  produce.  Hevelius.  who  was  a  most  diligent 
observer  of  these  objects,  had,  without  reference 
to  gravitation,  satisfied  liimself  that  they  moved 
m  parabolas".  To  determine  the  elements  of  the 
parabola  from  observations,  even  Newton  called" 
"problema  longe  ditfieilUmum,"  Newton  deter- 
mined the  orbit  of  the  comet  of  16S0  by  certain 
^aphical  methods.  His  methods  supposed  the  orbit 
to  be  a  parabola,  and  satisfactorily  represented  the 
motion  in  the  visible  part  of  the  comet's  path.  But 
this  method  did  not  apply  to  the  possible  return 
of  the  wandering  star.  Halley  has  the  glory  of 
having  first  detected  a  periodical  comet,  in  the  case 
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of  that  which  has  since  borne  his  name.  But  this 
great  discovery  was  not  made  without  labour.  In 
1705,  Hallej'*  explained  how  the  parabolic  orbit 
of  a  planet  may  be  determined  from  three  obser- 
vations ;  and,  joining  example  to  precept,  himself 
calculated  the  positions  and  orbits  of  twentj-four 
comuts.  He  found,  as  the  reward  of  this  industry, 
that  the  comets  of  1607.  and  of  1531,  had  the 
same  orbit  as  that  of  1682.  And  here  the  intervals 
are  also  nearly  the  same,  namely,  about  seventy- 
five  years.  Arc  the  three  comets  then  identical? 
In  looking  back  iuto  the  history  of  such  appear- 
ances, he  found  comets  recorded  in  1456,  in  1380^ 
and  in  1305;  the  intervals  are  still  the  same, 
seventy-five  or  seventy-six  years.  It  was  impos- 
sible now  to  doubt  that  they  were  the  periods  of 
a  revolving  body ;  that  the  comet  was  a  ittanet;  its 
orbit  a  long  ellipse,  not  a  parabola  (o). 

But  if  this  were  so.  the  comet  must  reappear  in 
1758  or  1759.  Halley  predicted  that  it  would  do 
so ;  and  the  fulfilment  of  this  prediction  was  na- 
turally looked  forvi'ards  to,  as  an  additional  stamp 
of  the  truths  of  the  theory  of  gravitation. 

But  in  all  this,  the  comet  had  been  supposed  to 
be  affected  only  by  the  attraction  of  the  sun.  The 
planets  must  disturb  its  motion  as  they  disturb  each 
otlier.  How  would  this  disturbance  affect  the  time 
and  circumstances  of  its  reappearance?  Halley  had 
proposed,  but  not  attempted  to  solve,  this  question. 

"  Bailly,  ii-  OHJ. 
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The  effect  of  perturbations  upon  a  comot  defeats 
all  known  methods  of  approximation,  and  requircBs 
immense  labour.  "  Clairaut,"  says  Bailiy*.  "  under- 
took this:  with  courage  enough  to  dare  the  adven- 
ture, he  had  talent  enough  to  obtain  a.  memorable 
victory:"  the  diffioulties,  the  labours,  grew  upon 
him  as  he  advanced,  but  he  fought  his  way  through 
them,  assisted  by  LalanJe,  and  by  a  female  calcu- 
bior,  Madame  Lepaute.  lie  predicted  that  the 
comet  would  reach  its  perihelion  April  13,  1759, 
but  claimed  the  license  of  a  month  for  the  inevitable 
inaccuracy  of  a  calculation  which,  in  addition  to 
all  other  sources  of  errour,  was  made  m  haste,  that 
it  might  appear  as  a  prediction.  The  comet  justi- 
fied his  calculations  and  his  caution  together;  for  it 
arrived  at  its  perihelion  on  the  13th  of  March. 

Two  other  comets,  of  much  shorter  period,  have 
been  detected  of  late  years;  Encke's,  which  revolves 
round  the  sun  in  throe  years  and  one  third,  and 
JJiela's,  which  describes  an  ellipse,  not  extremely 
^eccentric,  in  six  years  and  three  quarters.  These 
bodies,  apparently  thin  and  vaporous  masses,  like 
other  comets,  have,  since  their  orbits  were  calcu- 
lated, punctually  confonned  to  the  law  of  gravita- 
tion. If  it  were  still  doubtful  whether  the  more 
:onspicuous  comets  do  so,  these  bodies  would  tend 
;o  prove  the  fact,  by  showing  it  to  be  true  in  an 
ititennediate  ease. 

Wc  may  add  to  the  history  of  comets,  that  of 
"  Dailly,  A  M.  ill.  190. 
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LexelKs,  wliich,  in  1770,  appeared  to  be  revolving  in 
a  period  of  about  five  years,  and  whose  motion  wa 
predicted  accordingly.     The  prediction  was  disaj 
pointed;  but  the  failure  was  sufficiently  explainc 
by  the  comet's  having  passed  close  to  Jupiter,  bi 
which  occurrence  its  orbit  was  utterly  deranged. 

Thus,  no  verification  of  the  Newtonian  theoT7»J 
which  was  possible  in  the  motions  of  the  stars, 
yet  been  wanting.  The  return  of  Halley's  comet,  ii 
1835.  and  the  extreme  exactitude  with  which  if 
conlbmied  to  its  predicted  course,  is  a  testimony  of 
truth,  which  must  appear  striking  even  to  the  most, 
incurious  respecting  such  matters  (p). 


Sect.  6. — Application  of  the  Newtonian  Theory  ta\ 
the  Figure  <if  the,  Earth. 

Tjie  Heavens  had  thus  been  consulted  respecting 
the  Newtonian  doctrine,  and  the  answer  given,  over 
and  over  again,  in  a  thousand  ditferent  forms,  had 
been,  that  it  was  true;  nor  had  the  most  perse- 
vering cross-examination  been  able  to  establish  anjfl 
thing  of  contradiction  or  prevarication.  The  same 
question  was  also  to  be  put  to  the  Earth  and  th( 
Ocean,  and  we  must  briefly  notice  the  result. 

According  to  the  Newtonian  principles,  the  foi 
of  the  earth  must  be  a  globe  somewhat  flattened  at 
the  poles.     This  conclusion,  or  at  least  the  amounfl 
of  the  flattening,  depends  not  only  upon  the  exist- 
ence and  law  of  attraction,  but  upon  its  bclongii 
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to  each  particle  of  the  mass  separately ;  and  thus 
the  experimental  confirmation  of  the  form  asserted 
Irum  calculation,  would  be  a  verification  of  the 
theory  in  its  widest  sense.  The  application  of  such 
a  test  was  the  more  necessary  to  the  interests  of 
science,  inasmuch  as  the  French  astronomers  had 
collected  from  their  measures,  and  had  connected 
with  their  Cartesian  system,  the  opinion  that  the 
earth  was  not  dilate  but  oHong.  Dominic  Casstni 
had  measured  seven  degrees  of  latitude  from  Amiens 
to  Perpignan,  in  1701,  and  found  them  to  decrease 
in  going  from  south  to  north.  The  prolongation  of 
this  measure  to  Dunkirk  confirmed  the  same  result. 
But  if  the  Ne^'tonian  doctrine  was  true,  the  con- 
trary ought  to  be  the  case,  and  the  degress  ought 
to  increase  in  proceeding  towards  the  pole. 

The  only  answer  which  the  Newtonians  could  at 
this  time  make  to  the  difficulty  thus  presented,  was, 
that  an  arc  so  short  as  that  thus  measured,  was  not 
to  be  depended  upon  for  the  determination  of  such 
a  question;  inasmuch  as  the  inevitable  errours  of 
observation  might  exceed  the  dhferences  which  were 
the  object  of  research.  It  would,  undoubtedly,  have 
Iwcome  the  English  to  have  given  a  more  complete 
answer,  by  executing  measurements  under  circum- 
stances not  liable  to  this  uncertainty.  The  glory  of 
Liloing  this,  however,  they,  for  a  long  time,  aban- 
doned to  other  nations.  The  French  undertook  the 
task  with  great  spirit^'.     In  1733,  in  one  of  the 
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meetings  of  the  Freach  Academy,  when  this  ques- 
tion was  discussed,  Dc  la  Condamine.  au  ardent  and 
eager  man,  proposed  to  settle  this  question  by  send- 
ing members  of  the  academy  to  measure  a  degree 
of  the  meridian  near  the  equator,  in  order  to  com- 
pare it  with  the  French  degrees,  and  offered  himself 
for  the  expedition.  Maupertuis,  in  like  manner, 
urged  the  necessity  of  another  expedition  to  mea- 
sure &  degree  in  the  neighbourhood  of  the  pole. 
The  government  received  the  applications  favour- 
ably, and  these  remarkable  scientific  missions  were 
sent  out  at  the  national  expense. 

From  this  time  there  was  no  longer  any  doubt 
as  to  the'fftct  of  the  earth's  oblateness,  and  the 
question  only  turned  upon  its  quantity.  Even  be- 
fore the  return  of  the  academicians,  the  Cassims 
and  La  Caillc  had  measured  the  French  are,  and 
found  errours  which  subverted  the  former  result, 
making  the  earth  oblate  to  the  amount  of  1-1 68th 
of  its  diameter.  The  expeditions  to  Peru  and  to 
Lapland  had  to  stmgglo  with  difficulties  in  the 
execution  of  their  design,  which  make  their  nar- 
ratives resemble  some  romantic  history  of  irregular 
warfare,  ratlier  than  the  monotonous  records  of 
mere  measurements.  The  equatorial  degree  em- 
ployed the  obser\'ers  not  less  than  eight  years, 
When  they  did  return,  and  their  results  were  com- 
pared, their  discrepancy,  as  to  quantity,  was  con- 
siderable. The  comparison  of  tlie  Peruvian  and 
French  arcs  gave  an  ellipticity  of  nearly  l-314th. 
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that  of  the  Pcpuvian  and  Swedish  arcs  gave  l-213th 
for  its  value. 

Newton  had  deduced  from  his  theory,  by  rea- 
sonings   of   singular    ingenuity,    an    ellipticity    of 
l-230th;  but  this  result  had  been  obtained  by  sup- 
posing the  earth  homogeneous.     If  the  earth  be,  as 
we  should  most  readily  conjecture  it  to  be,  more 
dense  in  its  interior  than  at  its  exterior,  its  ellip- 
dcity  will    be   less  than  that  of  a  homogeneous 
spheroid  revolving  in  the  same  time.     It  does  not 
appear  that  Newton  was  aware  of  this;  but  Clairaut, 
in  1 743,  in  his  Figure  of  the  Earth,  proved  this  and 
many  other  important  results  of  the  attraction  o^ 
the  particles.     Especially  he  established  that,  in 
proportion  as  the  fraction  expressing  the  Ellipticity 
hepomes  smaller,  that  expressing  the  Excess  of  the 
polar  over  the  equatorial  gravity  becomes  larger; 
and  he  thus  connected  the  measures  of  the  ellii>- 
I   ticity  obtained   by  means  of  Degrees,  with  those 
■obtained  by  means  of  Pendulums  in  different  lati- 
tudes. 
K        The  altered  rate  of  a  Pendulum,  when  carried 
F  towards  the  equator,  had  been  long  ago  observed 
by  Richer  and  Halley,   and   had   been   quoted   by 
Newton  as  confirmatory  of  his  theory.     Pendulums 
were  swung  by  the  academicians  who  measured  the 
degrees,  and  confirmed  the  general  character  of  the 
results. 

But  having  reached  this  point  of  the  verification 
of  the  Newtonian  theory,  any  additional  stop  be- 
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comes  more  difficult.  Many  exeollent  measure, 
both  of  Degrees  and  of  Peiidulum.s,  have  beeal 
made  since  those  just  mentioned.  The  results  of 
the  Arcs^  is  an  Ellipticity  of  l-29Sth ; — of  the  Pen- 
dulums, an  Ellipticity  of  about  l-285th.  This  dif- 
ference is  considerable,  if  compared  with  tlie  cjuan 
titles  themselves ;  but  does  not  throw  a  shadow 
doubt  on  the  truth  of  the  theory.  Indeed,  the  o 
scrvations  of  each  kind  exhibit  irregularities  which 
we  may  easily  account  for,  by  ascribing^  them  to  the 
unknown  distribution  of  the  denser  portions  of  the 
earth,  but  which  preclude  the  extreme  of  accuracy 
and  certainty  in  our  result.  I 

But  the  near  a^eement  of  the  determination, 
from  Degrees  and  from  Penduhmis,  is  not  the  only 
coincidence  by  which  the  doctrine  is  confirmc 
We  can  trace  the  effect  of  the  earth's  oblatenoss  i 
certain  minute  apparent  motions  of  the  stars ;  ft 
the  attraction  of  the  sun  and  moon  on  tlie  pri 
tubcrant  matter  of  the  spheroid  produces  the  Pp 
cession  of  the  equinoxes,  and  a  Nutation  of  th 
earth's  axis.  The  Precession  had  been  known  from 
the  time  of  Hipparchus,  and  the  existence  of  Nutar 
tion  was  foreseen  by  Newton ;  but  the  quantity 
BO  small,  that  it  required  consummate  skill  an< 
great  labour  in  Bradley  to  detect  it  by  astrono: 
cal  observation.  Being,  however,  so  detected,  itsi 
amount,  as  well  as  that  of  the  Precession,  gives  us 
the  means  of  determining^  the  amount  of  Terrestrial 
"  Airy.  Fig.  EariA,  p.  330. 


,n- 

I 


SEQUEL  TO  THE  EPOCH  OF  NEWTON,     251 

Ellipticity,  by  which  the  ofFect  is  produced.  But  it 
is  found,  upon  calculation,  that  we  cannot  obtain 
this  detennination  without  assuming  some  law  of 
density  in  the  homogeneous  strata  of  which  we 
suppose  the  earth  to  consist^".  The  density  will 
certainly  increase  in  proceeding  towards  the  center, 
and  there  is  a  simple  and  probable  law  of  this 
mcrease,  which  will  give  l-300th  for  the  Ellipticity, 
from  the  amount  of  two  lunar  Inequalities,  (one  in 
latitude  and  one  in  longitude,)  which  are  produced 
by  the  earth's  oblatenoss.  Nearly  the  same  result 
follows  from  the  quantity  of  Nutation.  Thus  every- 
thlugs  tends  to  convince  us  that  the  ellipticity  can- 
not deviate  much  from  this  fraction  (q). 


Sect.  7. — ConjUnnatio'ii  of  the  NetBtonian  Theory/ 
by  EtTperiments  oii  Attraction. 

The  attraction  of  all  the  parts  of  the  earth  to  one 
another  was  thus  proved  by  experiments,  in  which 
the  whole  mass  of  the  earth  is  concerned.  But 
attempts  have  also  been  made  to  measure  the 
attraction  of  smaller  portions;  as  mountains,  or 
artificial  masses.  This  is  an  experiment  of  great 
difficulty;  for  the  attraction  of  such  masses  must 
be  compared  with  that  of  the  earth,  of  which  it  is  a 
scarcely-perceptible  fraction  ;  and.  moreover,  in  the 
case  of  mountains,  the  effect  of  the  mountain  will 
be  modified  or  disguised  by  unknown  or  unappre- 

"  Airy.  Fig.  Emik,  p.  aV). 
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ciable  circumstances.  In  many  of  the  measure- 
ments of  degrees*  indications  of  the  attraction  of 
mountains  had  been  perceived ;  but  at  the  su^es- 
tion  of  Maskelyne,  the  experiment  was  carefully 
made.  In  1774,  upon  the  mountain  Schehallicu,  in 
Scotland,  the  mountain  being  mineralogically  sur- 
veyed by  Playfair.  The  result  obtained  was,  that 
the  attraction  of  the  mountain  drew  the  plumb-line 
about  six  seconds  from  the  vertical ;  and  it  was 
deduced  from  this,  by  Button's  calculations,  that 
the  density  of  the  earth  was  about  once  and  four- 
fiiihs  that  of  Schehallieu,  or  four  and  a  half  times 
that  of  water. 

Cavendish,  who  had  suggested  many  of  the  arti- 
fices in  this  calculation,  himself  made  the  experi- 
ment in  the  other  form,  by  using  leaden  balls,  about 
nine  inches  diameter.  This  observation  was  con- 
ducted with  an  extreme  degree  of  ingenuity  and 
delicacy,  which  could  alone  make  it  valuable ;  and 
the  result  agreed  very  nearly  with  that  of  the  Sehe- 
hallien  exijoriment,  giving  for  the  density  of  the 
earth  about  five  and  one-third  times  that  of  water. 
Nearly  the  same  result  was  obtained  by  Carlini,  in 
1824,  from  observations  of  the  pendulum,  made  at 
a  point  of  the  Alps  (the  Hospice,  on  Mount  Cenis) 
at  a  considerable  elevation  above  the  average  sur- 
face of  the  earth  (r). 
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set.  8. — Application  of  the  Netvtonian  Theoty  to 
the  Tides, 

We  come,  finally,  to  that  result,  in  which  most  re- 
mams  to  be  done  for  the  verification  of  the  general 
law  of  attraction ;  the  subject  of  the  Tides.  Yet, 
even  here»  the  verification  Is  striking  as  far  as 
observations  have  been  carried.  Newton's  theory 
explained,  with  singular  felicity,  all  the  prominent 
circumstances  of  the  tides  then  known;  the  differ- 
ence of  spring  and  neap  tides ;  the  effect  of  the 
moon's  and  sun's  declination  and  parallax ;  even 
the  difference  of  morning  and  evening  tides,  and 
the  anomalous  tides  of  particular  places.  About, 
and  after,  this  time,  attempts  were  made  both  by 
the  Royal  Society  of  England,  and  by  the  French 
Academy,  to  collect  numerous  observations ;  but 
these  were  not  followed  up  with  sufficient  perse- 
verance. Perhaps,  indeed,  the  theory  had  not  been 
at  that  time  sufficiently  developed ;  but  the  admir- 
able prize-essays  of  Euler,  Bernoulli,  and  D'AIeni- 
bert,  in  1740,  removed,  in  a  great  measure,  this 
deficiency.  These  dissertations  supplied  the  means 
of  bringing  this  subject  to  the  same  test  to  which 
all  the  other  consequences  of  gravitation  had  been 
subjected ; — namely,  the  calculation  of  tables,  and 
the  continued  and  orderly  comparison  of  these  with 
observation.  Laplace  has  attempted  this  verifica- 
tion ill  another  way,  by  calculating  the  results  of 
the  theory  (which  he  has  done  with  an  extraor- 
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dinary  command  of  analysis,)  acd  then  by  coi 
paring  these,  in  supposed  critical  cases,  with  th( 
Brest  observations.    This  method  has  confirmed  the 
theory  as  far  as  it  could  do  so;  but  such  a  process^ 
cannot  supersede  the   necessity  of  applying  the 
proper  criterion  of  truth  in  such  cases,  the  con- 
struction  and   verification    of  Tabes.     Bernoulli's 
theory,  on  the  other  hand*  has  been  used  for 
construetion    of  Tide-tables ;    but  these    have 
been    properly    compared    with    experiment ;    anc 
when  the  comparison  has  been  made,  having  beeUj 
executed  for  purposes  of  gain  rather  than  of  st 
eiice»  it  has  not  been  published,   and  cannot 
quoted  as  a  verification  of  the  theory. 

Thus  we  have,  as  yet,  no  sufficient  compariaot 
of  fact  with  theory,  for  Laplace's  is  far  from  a  coraJ 
plete  comparison.     In  this,   as   in  other    parts 
physical  astronomy,  our  theory  ought  not  only 
agree  with  observations  selected  and  grouped  in 
particular  manner,  but  with  the  whole  course  of 
observation,  and  with  every  part  of  the  phenomena. 
In  this,  as  in  other  cases,  the  true  theory  should  be 
verified  by  its  giving  us  the  best  Tables ;  but  Tide-  ^ 
tables  were  never,  I  believe,  calculated  upon  Lap^fl 
place's  theory,  and  thus  it  was  never  fairly  brought 
to  the  test. 

It  is,  perhaps,  remarkable,  considering  all  thel 
experience   which   astronomy  had  furnished,  that 
men  should  have  expected  to  reach  the  completion 
of  this  branch  of  science  by  improving  the  mathe- 
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matical  theory,  without,  at  the  same  time,  ascertain- 
ing the  laws  of  the  facts.  In  all  other  departments 
of  astronomy,  as,  for  instance,  in  the  cases  of  the 
moon  and  the  planets,  the  leading  features  of  the 
phenomena  had  been  made  out  empirically,  before 
the  theory  explained  them.  The  course  which  ana- 
logy would  have  recommended  for  the  cultivation 
of  our  knowledge  of  the  tides,  would  have  been, 
to  ascertain,  by  an  analysis  of  long  series  of  obser- 
TBtions,  the  effect  of  changes  in  the  time  of  transit, 
parallax,  and  declination  of  the  moon,  and  thus  to 
obtain  the  laws  of  phenomena;  and  then  to  pro- 
ceed to  investigate  the  laws  of  causation. 

Though  this  was  not  the  course  followed  by 
tnathematical  theorists,  it  was  really  pursued  by 
those  who  practically  calculated  Tide-tables;  and 
the  application  of  knowledge  to  the  useful  purposes 
of  life  being  thus  separated  from  the  promotion  of 
the  theory,  was  naturally  treated  as  a  gainful  pro- 
perty, and  preserved  by  secrecy.  Art,  in  this  in- 
stance, having  cast  off  her  legitimate  subordination 
to  Science,  or  rather,  being  deprived  of  the  guidance 
which  it  was  the  duty  of  Science  to  afford,  resumed 
her  ancient  practices  of  exclnsiveness  and  mystery. 
Liverpool,  London,  and  other  places,  had  their  Tide- 
tables,  constructed  by  undii-ulged  methods,  which 
methods,  in  some  instances  at  least,  were  handed 
down  from  father  to  son  for  several  generations  as 
a  family-possession ;  ami  the  publication  of  new 
Tables  accompanied  by  a  statement  of  the  mode  of 
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calculation,  was  resented  as  an  infringement  of  the 
rights  of  property. 

The  mode  in  which  these  secret  methods  were 
invented,  was  that  which  we  have  pointed  out; — 
the  analysis  of  a  considerable  series  of  observations. 
Probably  the  best  example  of  this  was  afforded  by 
the  Liverpool  Tide-tables.  These  were  deduced  by 
a  clergyman  named  Holden,  from  observations  made 
at  that  port  by  a  harbour-master  of  the  name  of 
Hutchinson ;  who  was  led»  by  a  love  of  such  pur- 
suits, to  observe  the  tides  earefully  for  above  twenty 
years,  day  and  night.  Holden 's  Tables,  founded  on 
four  years  of  these  observations,  were  remarkably 
accurate. 

At  length  men  of  science  began  to  perceive  that 
such  calculations  wore  part  of  their  business;  and 
that  they  were  called  upon,  a^  the  guardians  of  the 
established  theory  of  the  universe,  to  compare  it  in 
the  greatest  possible  detail  with  the  facts.  Mr. 
Lubbock  was  the  first  mathematician  who  undertook 
the  extensive  labours  which  such  a  conviction 
suggested.  Finding  that  regular  tide-observations 
had  been  made  at  the  London  Docks  from  1796,  he 
took  nineteen  years  of  these  (purposely  selecting 
the  length  of  a  cycle  of  the  motions  of  the  lunar 
orbit,)  and  caused  them  (in  1831)  to  be  analyzed  by 
Mr.  Dessiou,  an  expert  calculator.  He  thus  ob- 
tained*" Tables  for  the  effect  of  the  Moon's  De- 
clination, Parallax,  and  hour  of  Transit,  on  the 

"  Phil.  Tram.  1831.     Brilhh  Almanac.  1I!32. 


I 


I 


SEQUEL  TO  THE  EPOCH  OF  NEWTON.     257 

tides ;  and  was  enabled  to  produce  Tide-tables 
founded  upon  the  data  thus  obtained.  Some 
mistakes  in  these  as  first  pabllshed  (mistakes  un- 
important as  to  the  theoretical  value  of  the  work,) 
sen-ed  to  show  the  jealousy  of  tho  practical  tide- 
table  calculators,  by  the  acrimony  with  which  the 
oversights  were  dwelt  uponj  but  in  a  very  few 
years,  the  tables  thus  produced  by  an  open  and 
scieDtiiic  process,  were  more  exact  than  those 
which  resulted  from  any  of  the  secrets ;  and  thus 
practice  was  brought  into  its  proper  subordination 
to  theory. 

The  theory  with  which  Mr.  Lubbock  was  led  to 
compare  his  results,  was  the  EquUlbriura-theory 
of  Daniel   Bernoulli ;  and  it  was  found  that  this 
theory,  with  certain  modifications  of  its  elements, 
anepresented  the  facts  to  a  remarkable  degree  of 
precision.    Mr.  Lubbock  pointed  out  this  agreement 
especially  in  the  semi-mensuai   inequality  of  the 
times  of  high  water.   The  like  agreement  was  after- 
wards (in  1833)  shown  by  Mr.  Whewell"  to  obtain 
still   more  accurately  at  Liverpool,   both  for  the 
Times  and  Heights;  for  by  this  time,  nineteen  years 
of  Hutchinson's  Liverpool  Observations  had  also 
been  discussed  by  Mr,  Lubbock.    The  other  inequa- 
lities of  the  Times  and  Heights  (depending  upon 
the  Declination  and  Parallax  of  the  Moon  and  Sun,) 
were   variously  compared   with   the   Equilibrium- 
theory  by  Mr.  Lubbock  and  Mr.  Whewell:  and  the 
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general  result  was,  that  the  facts  agreed  with  the 
condition  of  equilibrium  at  a  certain  anterior  time, 
but  that  this  anterior  time  was  different  for  dif- 
ferent phenomena.  In  like  manner  it  appeared  to 
follow  from  these  researches,  that  tn  order  to  ex- 
plain the  facts,  the  mass  of  the  moon  must  be 
supposed  different  in  the  calculation  at  different 
places.  A  result  in  effect  the  same  was  obtained 
by  M.  Daussy*',  an  active  French  hydrographer ; 
for  he  found  that  observations  at  various  stations 
could  not  be  reconciled  with  the  formulae  of  La- 
place's Mecanique  Celeste  (in  which  the  ratio  of 
the  heights  of  spring-tides  and  neap-tides  was  com- 
puted on  an  assumed  mass  of  the  moon)  without 
an  alteration  of  level  which  was,  in  fact,  equivalent 
to  an  alteration  of  the  moon's  mass.  Thus  all  things 
appeared  to  tend  to  show  that  the  Ef{uilibrium- 
theory  would  give  the  formulw  for  the  inequalities 
of  the  tides,  but  that  the  mugnitudes  which  enter 
into  these  formulte  must  be  sought  from  observation. 

"Whether  this  result  is  consistent  with  theoi^, 
is  a  question  not  so  much  of  physical  astronomy 
as  of  Hydrodynamics,  and  has  not  yet  been  solved. 
A  Theory  of  the  Tides  which  should  include  in  its 
conditions  the  phenomena  of  derivative  tides,  and 
of  their  combinations,  will  probably  require  all  the 
resources  of  the  mathematical  mechanician. 

As  a  contribution  of  empirical  materials  to  the 
treatment  of  this  hydrodynamical  problem,  it  may 

"  Ctmnaitsance  des  Tems^  1838. 
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be  allowable  to  mention  here  Mr.  Whewell's  at- 
tempts to  trace  the  progress  of  the  tide  into  all 
the  seas  of  the  globe,  by  drawing  on  maps  of  the 
ocean  what  he  calls  Cotidal  Lines ; — lines  marking 
the  contemporaneous  position  of  the  various  points 
of  the  g^eat  wave  which  carries  high  water  from 
shore  to  shore"".  This  is  necessarily  a  task  of  labour 
and  difficulty,  since  it  requires  us  to  know  the 
time  of  high  water  on  the  same  day  in  every  part 
of  the  world;  but  in  proportion  as  it  is  completed, 
it  supplies  steps  between  our  general  view  of  the 
movements  of  the  ocean  and  the  phenomena  of 
particular  ports. 

Looking  at  this  subject  by  the  light  which  the 
example  of  the  history  of  astronomy  affords,  we 
may  venture  to  repeat,  that  it  will  never  have 
justice  done  it  till  it  is  treated  as  other  parts  of 
astronomy  are  treated  ;  that  is,  till  Tables  of  all  the 
phenomena  which  can  be  observed,  are  calculated 
by  means  of  the  best  knowledge  which  we  at  pre- 
sent possess,  and  till  these  Tables  are  constantly 
improved  by  a  comparison  of  the  predicted  with 
the  observed  fact.  A  set  of  Tide-observations  and 
Tide-ephemerides  of  this  kind,  would  soon  give  to 
this  subject  that  precision  which  marks  the  other 
parts  of  astronomy;  and  would  leave  an  assemblage 
of  unexplained  residual  phenoiti^na,  m  which  a 
careful  research  might  find  the  materials  of  other 
truths  as  yet  unsuspected  (s). 

"  Essays  towards  an  Approxunation  t«  a   Map  of  Cotidal 
Liiwa.  Phil.  Train.  1*33,  i83(i. 
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CHAPTER  V. 


Discoveries  added  to  the  Newtonian  Theoky. 


Sect,  l.—Tablea  of  AstronoTnifal  Refractnm. 

WE  have  travelled  over  an  immense  field  of 
;istronomical  and  mathematical  laboitr  in  the 
last  few  pages,  and  have  yet,  at  the  end  of  every 
step,  still  found  ourselves  under  the  jurisdiction  of 
the  Newtonian  laws.  We  are  reminded  of  the  uni- 
versal monarchies,  where  a  man  could  not  escape 
from  the  empire  without  quitting  the  world.  We 
have  now  to  notice  some  other  discoveries,  in  which 
this  reference  to  the  law  of  universal  gravitation 
is  less  immediate  and  obvious;  I  mean  the  astro- 
nomical discoveries  respecting  Light. 

The  general  truths  to  which  the  establishment 
of  the  true  laws  of  Atmospheric  Refraction  led 
astronomers,  were  the  law  of  Deflection,  which  ap- 
plies to  all  refractions,  and  the  real  structure  and 
size  of  the  Atmosphere,  so  far  as  it  became  known. 
The  great  discoveries  of  Romer,  and  Bradley, 
namely,  the  Velocity  of  Light,  the  Aberration  of 
Light,  and  the  Nutation  of  the  earth's  axis,  gavo 
a  new  distinctness  to  the  conceptions  of  the  pro- 
pagation of  light  in  the  minds  of  philosophers, 
and  confirmed  the  doctrines  of  Copernicus,  Kepler, 
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and  Newton,  respecting  the  motions  which  belong 
to  the  earth. 

The  true  laws  of  Atmospheric  Refraction  were 
slowly  discovered.     Tjcho  attributed  the  apparent 
displaccmeut  of  the  heavenly  bodies  to  the  low  and 
and  gross  part  of  the  atmosphere  only,  and  hence 
made  it  cease  at  a  point  half-way  to  the  zenith ; 
l>ut  Kepler  rightly  extended  it  to  the  zenith  itself. 
!^.  Cassini  endeavoured  to  discover  the  law  of  this 
correction  by  observation,  and  gave  his  results  in 
the  form  which,  as  we  have  said,  sound  science 
prescribes,  a  table  to  be  habitually  used  for  all  ob- 
servations. But  great  difficulties  at  this  time  embar- 
rassed this  investigation,  for  the  parallaxes  of  the 
sun  and  of  the  planets  were  unknown,  and  very 
diverse  values  bad  been  assigned  them  by  different 
astronomers.     To  remove  some  of  these  difficulties, 
Richer,  in  I7G2,  went  to  observe  at  the  equator; 
and  «n  his  return,  Cassini  was  able  to  confinn  and 
amend  his  former  estimations  of  parallax  and  re- 
fraction.   But  there  were  still  difficulties.    Accord- 
ing to  La  Hire,  though  the  phenomena  of  twilight 
give  an  altitude  of  34,000  toises  to  the  atmosphere', 
those  of  refraction  make  it  only  2000.    John  Cas- 
sini undertook  to  support  and  improve  the  calcu- 
lations of  his  father  Dominic,  and  took  the  true 
supposition,    that   the    light    follows  a  curvilinear 
path  through  the  air.  The  Royal  Society  of  London 
had  already  ascertained  experimentally  the  refrac- 
tive power  of  air^     Neft-ton  calculated  a  Table  of 
'   Bailly,  ii.  fil2.  *  Ih.  ii,  60?. 
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Retractions,  which  was  published  under  Hallej's 
name  in  the  Philosophical  Transactimis  for  172], 
without  any  indication  of  the  method  hy  which  it 
was  constructed.  But  M.  Biot  has  recently  shown', 
by  means  of  the  published  correspondence  of  Flam- 
steed,  that  Newton  had  solved  the  problem  in  a 
manner  nearly  corresponding  to  the  most  improved 
methods  of  modem  analysis. 

D.  Cassini  and  Picard  proved*,  Le  Monnier  hi 
1738  confirmed  more  ftiUy,  the  fact  that  the  varia- 
tions of  the  Thermonictei'  aiFect  the  Refraction. 
Mayer,  taking  into  account  both  these  changes,  and 
the  changes  indicated  by  the  Barometer,  formed  a 
theory,  which  LacaLlle,  with  immense  labour,  ap- 
plied to  the  construction  of  a  Table  of  Refractions 
from  observation.  But  Bradley's  Table  (published  in 
1763  by  Maskelyne,)  was  more  commonly  adopted 
in  England ;  and  his  formula,  originally  obtained 
empirically,  has  been  shown  by  Young  to  result 
from  the  most  probable  suppositions  we  can  make 
respecting  the  atmosphere.  Bessel's  Refraction 
Tables  are  now  considered  the  best  of  those  which 
have  appeared. 


Sect  '1. — Discovery  qjf  tJts   Velocity  of  Light. — 
Romer. 

The    astronomical    history    of  Refraction    is    not 
raajked  by  any  great  discoveries,  and  was,  for  the 

■■  Biot.  Acad.  Sc.  Com/ilc  Rendu.  Sept.  5.  1836. 
'  Bailly,  iii,  92. 
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most  part,  a  work  of  labour  only.    The  progress  of 
the  other  portious  of  our  knowledge  respecting  light 
is  more  striking.    In  1676,  a  great  number  of  obser- 
vations  of  eclipses  of  Jupiter's  satellites  were  accu- 
mulated,  and    coiUd    be    compared    with    Cassini's 
Tables.   Roraer,  a  Danish  astronomer,  whom  Picard 
tad  brought  to  Parisj  perceived  that  these  eclipses 
happened  constantly  later  than  the  calculated  time 
at  one  season  of  the  year,  and  earlier  at  another 
season ; — a  difference  for  which  astronomy  could 
offer  no  account.    The  errour  was  the  same  for  all 
the  satellites;  if  it  had  depended  on  a  defect  in  the 
Tables  of  Jupiter,  it  might  have  affected  all,  but 
the  effect  would  have  had  a  reference  to  the  velo- 
cities of  the  satellites.     The  cause,  then,  was  some- 
thing extraneous  to  Jupiter.    Romer  had  the  happy 
thought  of  comparing  the  errour  with  the  earth's 
distance  from  Jupiter,  and  it  was  found  that  the 
eclipses  happened  later  in  proportion  as  Jupiter 
was  further  off'.     Thus  we  see  the  eclipse  later,  as 
it  is  more  remote;  and  thus  light,  the  messenger 
which    brings  us   intelligenee   of  the    occurrence, 
travels  over  its  course  in  a  measurable  time.     By 
this  evidence,  light  appeared  to  take  about  eleven 
minutes  in  describing  the  diameter  of  the  earth's 
orbit. 

This  discovery,  like  so  many  others,  once  made, 
appears  easy  and  inevitable ;  yet  Dominic  Cassini 
had  entertained  the  idea  for  a  moment'',  and  had 
•  Bailly,  ii.  17.  Mb.ii.  41i*. 
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rejected  it;  a«d  Fontenelle  had  congratulated  him- 
self publicly  on  haviag  narrowly  escaped  this  seduc- 
tive error.  The  objections  to  the  admission  of  the 
truth  arose  principally  from  the  inaccuracy  of 
observation,  and  from  the  persuasion  that  the  mo- 
tions of  the  satellites  were  circular  and  uniform. 
Their  trreguJarities  disguised  the  fact  in  question. 
As  these  irregularities  became  clearly  known, 
Romer's  discovery  was  finally  established,  and 
the  "Equation  of  Light"  took  its  place  iu  the 
Tables. 

Sect.  3. — DisGoverif  {^  Aberration.    Bradley. 

Improvements  in  instruments,  and  in  thu  art  of 
observing,  were  requisite  for  making  the  next  great 
step  in  tracing  the  effect  of  the  laws  of  light.  It 
appears  clear,  on  consideration,  that  since  light 
and  the  spectator  on  the  earth  are  both  in  motion, 
the  appajent  direction  of  an  object  will  be  deter- 
mined by  the  composition  of  these  motions.  But 
yet  the  effect  of  this  composition  of  motions  was 
(as  is  usual  in  such  cases)  traced  as  a  fact  in  obser- 
vation, before  it  was  clearly  seen  as  a  consequence 
of  reasoning.  This  fact,  the  Aberration  of  Light, 
the  greatest  astronomical  discovery  of  the  eigh- 
teenth century,  belongs  to  Bradley,  who  was  then 
Professor  of  Astronomy  at  Oxford,  and  afterwards 
Astronomer  Royal  at  Greenwich.  Molyneiix  and 
Bradley,  in  1725,  began  a  series  of  observations 
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for  the  purpose  of  ascertaining,  by  observations 

near  the  zenith,  the  existence  of  an  annual  parallax 

of  the    fixed   stars,    which   Hooke   had    hoped   to 

detect,  and  Flamsteed  thought  he  had  discovered. 

Bradley'  soon  found  that  the  star  observed  by  him 

had  a  minute  apparent  motion  different  from  that 

P  which   the  annual   parallax   would   produce.     lie 

thought  of  a  nutation  of  the  earth's  axis  as  a  mode 

of  accounting  for  this;  but  found,  by  comparison 

of  a  star  on  the  other  side  of  the  pole,  that  this 

explanation  would  not  apply.     Bradley  and  Moly- 

neux  then  considered  for  a  moment  an  annual 

alteration  of  figure  In  the  earth's  atmosphere,  such 

as  might  affect  the  re&actlons,  but  this  hypothesis 

was  soon  rejected*.     In  1727,  Bradley  resumed  his 

observations,  with  a  new  instrument,  at  Wanstead ; 

and   obtained   empirical    rules  for   the  changes  of 

declination  in   different  stars.     At   last,  accident 

turned  bis  thoughts  to  the   direction   in  which  he 

was  to  find  the  cause  of  the  variations  which  he 

had  discovered.    Being  in  a  boat  on  the  Thames, 

he  observed  that  the  vane  on  the  top  of  the  mast 

gave  a  different  apparent  direction  to  the  wind,  as 

the  boat  sailed  one  way  or  the  other.     Hero  was 

an   image  of  his  case;    the  boat  represented    the 

earth  moving  in   different   directions  at  different 

seasons,  and  the  wind  represented  the  light  of  a 

star.     He  had  now  to  trace  the  consequences  of 

this  idea;    he  found  that   it  led  to  the  empirical 

'  Rignitit'B  Bradley  '  Rignii'd,  p.  xxiit. 
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rules,  which  he  had  already  discovered,  and,  in 
1729,  he  gave  his  discovery  to  the  Royal  Society. 
His  paper  is  a  very  happy  narrative  of  his  labours 
and  his  thoughts.  His  theory  was  so  sound  that 
no  astronomer  ever  contested  it ;  and  his  observa- 
tioiis  were  so  accurate,  that  the  quantity  which  he 
assigned  as  the  greatest  amount  of  the  chauge  (od« 
ninetieth  of  a  degree)  has  hardly  been  corrected 
by  more  recent  astronomers.  It  must  be  noticed, 
however,  that  he  considered  the  effects  in  decU- 
nation  only ;  the  effects  in  right  ascension  required 
a  different  mode  of  observation,  and  a  consummate 
goodness  in  the  machinery  of  clocks,  which  at  that 
time  was  hardly  attained. 

Sect.  4, — ZHscovery  of  Nutation. 

When  Bradley  went  to  Greenwich  as  Astronomer 
Royal,  he  continued  with  perseverance  observa- 
tions of  the  same  kind  as  those  by  which  he  had 
detected  Aberration.  The  result  of  these  was  an- 
otlior  discovery;  namely,  that  very  Nutation  which 
he  had  formerly  rejected.  This  may  appear  strange, 
but  it  is  easily  explained.  The  Aberration  is  an 
annual  change,  and  is  detected  by  observing  a  star 
at  different  seasons  of  the  year ;  the  Nutation  is  a 
change  of  which  the  cycle  is  eighteen  years;  and 
which,  therefore,  though  it  does  not  much  change 
the  place  of  a  star  in  one  year,  is  discoverable  in 
the  alterations  of  several  successive  years.     A  very 
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few  gears'  observations  showed  Bradley  the  effect 
of  this  change' ;  and  long  before  the  half  cycle  of 
e  years  had  elapsed,  he  had  connected  it  in  his 
mind  with  the  true  cause,  the  motion  of  the  moon's 
nodes,     Maehia  was  then  secretary  to  the  Royal 
Society'",  and  was  "employed   in  considering  the 
theory  of  gravity,  and  its  consequences  with  re- 
gard to  the  celestial  motions;"   to  him   Bradley 
communicated  his  conjectures;  from  him  he  soon 
received  a  Table  containing  the  resxUts  of  his  cal- 
culations; and  the  law  was  found  to  be  the  same  in 
the  Table  and  in  observation,  though  the  quanti- 
ties were  somewhat  different.     It  appeared  by  both, 
that  the  earth's  pole,   besides  the  motion   which 
the  precession   of  the   equinoxes  gives  it,  moves, 
in   eighteen  years,   through   a  small    circle; — or 
rather,   as    was  afterwards   found   by  Bradley,  an 
ellipse,  of  which  the  axes  are  nineteen  and  fourteen 
seconds '^ 

For  the  rigorous  establishment  of  the  mecha- 
nical theory  of  that  effect  of  the  moon's  attraction 
from  which  the  phenomena  of  Nutation  flow,  Brad- 
ley rightly  and  prudently  invited  the  assistance  of 
the  great  mathematicians  of  bis  time.  D'Alembcrt, 
Thomas  Simpson,  Euler,  and  others,  answered  this 
call,  and  the  result  was,  as  we  have  already  said 
in  the  last  chapter,  that  this  investigation  added 
another  to  the  recondite  and  profound  evidences  of 
the  doctrine  of  universal  gravitation. 

•  JtjgiiBd,  ixiv.  '"  lb.  d6.  "  lb.  Ixvi. 
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It  has  been  said"  that  Bradley's  iliscoveries 
"assure  him  the  most  distinguished  place  among 
astronomers  after  Hipparchus  and  Kepler."  If  his 
discoveries  had  been  made  boforo  Newton's,  there 
could  have  been  do  hesitation  as  to  placing  him 
on  a  level  with  those  great  men.  The  existence 
of  sucli  suggestions  as  the  Newtonian  theory  oJfcred 
on  all  astronomical  subjects,  may  perhaps  dim,  in 
our  eyes,  the  brilliance  of  Bradley's  achievements; 
but  this  circumstance  cannot  place  any  other  person 
above  the  author  of  such  discoveries,  and  there- 
fore we  may  consider  Dolarabre's  adjudication  of 
precedence  as  well  warranted,  and  deserving  to  be 
permanent. 


Sect.  5. — Diseovefy  of  Ihn  Lmm  of  DouMe  Slurs. 
TJie  itto  Uersdiels. 

No  tmthf  then,  can  be  more  certainly  established, 
than  that  the  law  of  gravitation  prevails  to  the 
very  boundaries  of  the  solar  system.  But  does  it 
hold  good  further?  Do  the  fixed  stars  also  obey 
this  universal  sway?  The  idea,  the  question,  is  an. 
obvious  one, — but  where  are  we  to  find  the  means 
of  submitting  it  to  the  test  of  observation? 

If  the  stars  were  each  insulated  from  the  rest» 
as  our  sun  appears  to  be  from  them,  we  should 
have  been  quite  unable  to  answer  this  inquiry. 
But  among  the  stars,  there  are  some  wliieh  are 

"  l>el!unbK,  Atl.  du  IQ  S'^c.  p.  430.     liigaud,  xuvii. 
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double  stars,  and  which  consist  uf  two  stars, 
so  near  to  each  other  that  the  telescope  alone  can 
separate  them.     The  elder  Hersehel  diligently  ob- 
served and  measured  the  relative  positions  of  the 
■two  stars  in  such  pairs;  and  as  has  so  often  happened 
in  astronomical  history,  pursuing  one  object  he  fell 
in  with  another.    Supposing  such  pairs  to  be  really 
unconnected,  he  wished  to  learn,  from  their  pheno- 
mena, something  respecting  the  annual  parallax 
of  the  earth's  orbit.     But  in  the  course  of  twenty 
j^ears'  observations  he  made  the  discovery  (in  1803) 
that  some  of  these   couples  were  turning  round 
each  other  with  various  angular  velocities.     These 
revolutions  were,  for  the  most  part,  so  slow  that 
he  was  obliged  to  leave  their  complete  determina- 
tion as  an  inheritance  to  the  next  generation.     His 
son   was  not   careless  of  the  bequest,  and  after 
having  added   an   enormous  mass  of  observations 
to  those  of  his  father,  he  applied  himself  to  deter- 
mine the  laws  of  these  revolutions.     A  problem 
so  obvious  and  so  tempting  was  attacked  also  by 
others,  as  Savary  and  Eneke,  in  1830  and  1832, 
with  the  resom'ces  of  analysis.     But  a  problem  in 
which  the  data  are  so  minute  and  inevitably  imper- 
fect, required  the  mathematician  to  employ  much 
judgment,  as  well  as  skill  in  using  and  combining 
these  data;  and  Sir  John  Hersehel,  by  employing 
positions  only  of  the  line  joining  the  pair  of  stars, 
(which  can  be  observed  with  comparative  exactness) 
,^sion  of  their  distance^  (which  cannot 
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[measured  with  much  correctness,^  and  by  inventing 
a  method  which  depended  upon  the  whole  body 
of  observations,  and  not  upon  selected  ones  only, 
for  the  determination  of  the  motion,  has  made  liis 
investigations  by  far  the  most  satisfactory  of  those 
which  have  appeared.  The  result  is,  that  it  has 
been  rendered  very  probable,  that  in  several  of  the 
double  stars  tlie  two  stars  describe  ellipses  about 
each  other;  and  therefore  that  here  also,  at  an 
immeasurable  distance  from  our  system,  the  law  of 
attraction  according  to  the  inverse  square  of  the 
distance,  prevails.  And,  according  to  the  practice  of 
astronomers  when  a  law  has  been  established,  Tables 
have  been  calculated  for  the  future  motions ;  and  we 
have  Ephemerides  of  the  revolutions  of  suns  round 
each  other,  in  a  region  so  remote,  that  the  whole 
circle  of  our  earth's  orbit,  if  placed  there,  would 
be  imperceptible  by  our  strongest  telescopes.  The 
permanent  comparison  of  the  observed  with  the 
predicted  motions,  coDtinued  for  more  than  one 
revolution,  is  the  severe  and  decisive  test  of  the 
truth  of  the  theory :  and  the  result  of  this  test 
astronomers  are  now  awaiting. 

The  verification  of  Nctvlon's  discoveries  was 
sufficient  employment  for  the  last  century;  the 
first  step  in  the  extension  of  them  belongs  to  this 
century.  We  cannot  at  present  foresee  the  mag- 
nitude of  this  task,  but  every  one  must  feel  that 
the  law  of  gravitation,  before  verified  in  all  th^ 
particles  of  our  own  system,   and  now    probablj 
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extended  to  the  all  but  infinite  distance  of  the  fixed 
■  stars*  presses  upon  our  minds  with  a  strong  claim 
to  be   accepted  as  a  universal   law  of  the  whole 
material  creation  (t). 

Thus,  in  this  and  the  preceding  chapter,  I  have 
^ven  a  brief  sketch  of  the  history  of  the  verifi- 
cation and  extension  of  Newton's  great  discovery. 
By  the  mass  of  labour  and  of  skill  which  this  head 
of  our  subject  includes,  we  may  judge  of  the  mag- 
nitude of  the  advance  in  our  knowledge  which  that 
|.  discovery   made.     A  wonderful  amoxmt  of  talent 
and  industry  have  been  requisite  for  this  purpose; 
but  with  these,  external  means  have  co-operated. 
Wealth,  authority,  mechanical  skill,  the  division  of 
labour,  the   power  of  associations  and  of  govern- 
ments, have  been  largely  and  worthily  applied  in 
bringing  astronomy  to  its  present  high  and  flourish- 
ing condition.     We  must  consider  briefly  what  has 
thus  been  done. 
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The  Instruments  and  Aids  of  Astronomy  huring 
THE  Newtonian  Period. 


Sect.  1. — Instrmti-mts. 

I .  O  OME  Instruments  or  other  were  employed  at 
O  all  periods  of  astronomical  observation.  But 
it  was  only  when  observation  had  attained  a  con- 
siderable degree  of  delicaey,  that  the  exact  oonstnie- 
tion  of  instruments  became  an  object  of  serious 
care.  Gradually,  as  the  possibility  and  the  value 
of  increased  exactaess  became  manifest,  it  was  seen 
that  everything  which  could  improve  the  ■astrono- 
mer's instruments  was  of  high  importance  to  him. 
And  hence  in  some  cases  a  vast  increase  of  size 
and  of  expense  was  introduced ;  in  other  eases  new 
combinations,  or  the  result  of  improvements  in 
other  sciences,  were  brought  into  play.  Extensive 
knowledge,  intense  thought,  and  great  ingenuity, 
were  requisite  in  the  astronomical  instniment 
maker.  Instead  of  ranking  with  artisans,  he  be- 
came a  man  of  science,  sharing  the  honour  and 
dignity  of  the  astronomer  himself. 

1.  Measure  o/  Avffk's. — Tycho  Brahe  was  the 
first  astronomer  who  acted  upon  a  due  apprecia- 
tion of  the  importance  of  good  instruments.     The 
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collection  of  such    at  Uraniburg    was  by   far  the 
finest  which  had  ever  existed.     He  endeavoured  to 
give  steadiness  to  the  frame,  and  accuracy  to  the 
divisions  of  his  instruments.     His  Mural  Quadrant 
was  well  adapted  for  this  purpose;  its  radius  was 
five    cubits;  it   is  clear,    that   as   we  enlarge   the 
instrument  we  are  enabled  te  measure  smaller  arcs. 
On  this  principle  manj  large  fjnomons  were  erected. 
Cassini's  celebrated  one  in  the  church  of  St.  Pctro- 
niuH  at  Bologna,  was  eighty-three  feet  (French)  high. 
But  this  mode  of  obtaining  accuracy  was  soon  aban- 
doned for  better  methods.  Three  great  improvementa 
were  introduced  about  the  same  time.    The  applica- 
tion of  the  Micrometer  to  the  telescope,  by  Huy- 
ghens.  Malvasia,  and  Auzout ;  the  application  of  the 
Telescope  to  the  astronomical  quadrant,  and  the  fix- 
ation of  the  center  of  its  field  by  a  Cross  of  fine  wires 
placed  in  the  focus  by  Gascoigtie.  and  afterwards  by 
Piearil    We  may  judge  how  great  was  the  improve- 
ment which  these  contrivances  introduced  into  the 
art  of  observing,  by  finding  that  Hevelius  retused  to 
adopt  them  because  they  would  make  all  the  old 
obsorvations  of  no  value,   lie  had  spent  a  laborious 
and  active  life  in  the  exercise  of  the  old  methods, 
and  could  not  bear  to  think  that  all  the  treasures 
which  he  had  accumulated  had  lost  their  worth  by 
the  discovery  of  a  new  mine  of  richer  ore(u). 

The  apparent  place  of  the  object  in  the  instni- 
tiient  being  so  precisely  determined  by  the  new- 
methods,  the  exact  Division  of  the  arc  into  degrees 
VOL.  n.  T 
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and  their  subdivisions  became  a  matter  of  great 
consequence.  A  series  of  artists,  principally  Eng- 
lish, have  acquired  distinguished  places  in  the  lists 
of  scientific  fame  by  their  performances  in  this 
way;  and  from  that  period,  particular  instruments 
have  possessed  historical  interest  and  individual 
reputation.  Graham  was  one  of  the  first  of  these 
artists.  He  executed  a  great  Mural  Arc  for  llalley 
at  Greenwich;  for  Bradley  he  constructed  the  Sector 
which  detected  aberration,  He  also  made  the 
Sector  which  the  French  academicians  carried  to 
Lapland ;  and  probably  the  goodness  of  this  instru- 
ment, compared  with  the  imperfection  of  those 
which  were  sent  to  Peru,  was  one  main  cause  of 
the  great  difference  of  diiration  in  the  two  series 
of  observations.  Bird,  somewhat  later',  (about 
1750,)  divided  several  Quadrants  for  public  obser- 
vatories. His  method  of  dividing  was  considered 
so  perfect,  that  the  knowledge  of  it  was  purchased 
by  the  English  government,  and  published  in  17(37. 
Ramsden  was  equally  celebrated.  The  error  of 
one  of  his  best  Quadrants  (that  at  Padua)  is  said 
to  be  never  greater  than  two  seconds.  But  at  a 
later  period,  Ramsden  constructed  Mural  Circles 
only,  holding  this  to  be  an  instrument  far  superior 
to  the  quadrant.  He  made  one  of  five  feet  dia- 
meter, in  178H,  for  M.  Piazzi  at  Palermo;  and  one  of 
eight  feet  for  the  observatory  of  Dublin.  Trough- 
ton,  a  worthy  successor  of  the  artists  we  have 
'  Mont  IT.  337. 
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mentionocJ,  has  invented  a  method  of  dividing  tlie 
circle  still  superior  to  the  former  ones;  indeed, 
one  which  is  theoretically  perfect,  and  practically 
capable  of  consummate  accuracy.  In  this  way. 
circles  have  been  constructed  for  Greenwich,  Ar- 
magh, Cambridge,  and  many  other  places ;  and  {)ro- 
bably  this  method,  carefully  applied,  offers  to  the 
astronomer  as  much  exactness  as  his  other  implp- 
ments  allow  him  to  receive ;  but  the  slightest 
casualty  happening  to  such  an  instrument,  or  any 
iloubt  whether  the  method  of  graduation  has  been 
rightly  applied,  makes  it  unfit  for  the  jealous  scru- 
pulosity of  modern  astronomy. 

Tlie  English  artists  sought  to  attain  accurate 
measurements  by  continued  bisection  and  other 
aliquot  subilivision  of  the  limb  of  their  circle ;  but 
Mayer  proposed  to  obtain  this  f^nd  otherwise,  by 
repeating  the  measure  on  different  parts  of  the  cir- 
Eumference  till  the  errour  of  the  division  is  unim- 
portant, instead  of  attempting  to  divide  an  instru- 
ment without  errour.  This  invention  of  the  Re- 
peating Circle  was  zealously  adopted  by  the  French, 
and  the  relative  superiority  of  the  rival  methods  is 
still  a  matter  of  difference  of  apinion  (v). 

2.  C}/)rkg. — The  improvements  in  the  measures 
of  space  require  corresponding  improvements  in  the 
measure  of  time.  The  beginning  of  anything  which 
we  can  call  accuracy,  in  this  subject  was  the  appli- 
cation of  the  Pendulum  to  clocks,  by  Huyghens,  in 
IB.'iC.     That  the  successive  oscillations  of  a  pen- 
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dulum  occupy  equal  times,  had  been  noticed  by 
Galileo;  but  in  order  to  take  advantage  of  this 
property,  the  pendulum  must  be  eoimected  with 
machinery  by  whicli  its  motion  is  kept  from  lan- 
guishing-, and  the  number  of  its  swings  recorded. 
By  inventing  such  machinery,  Uuyghens  at  once 
obtained  a  measure  of  time  more  accurate  than  the 
sua  itself.  Hence  astronomers  were  soon  led  to 
obtain  the  right  ascension  of  a  star,  not  directly,  by 
measuring  a  Distance  in  the  heavens,  but  indirectly, 
by  observing  the  Moment  of  its.  Transit.  This  ob- 
servation is  now  made  with  a  degree  of  accuracy 
which  might,  at  first  sight,  appear  beyond  the  limits 
of  human  sense,  being  noted  to  a  tenth  qf  a  Second 
of  tivie :  but  we  may  explain  this,  by  remarking 
that  though  the  number  of  the  second  at  which  the 
transit  happens  is  given  by  the  clock,  and  is  reck- 
oned according  to  the  course  of  time,  the  subdivision 
of  the  second  of  time  into  smaller  fractions  is  per- 
formed by  the  eye, — by  seeing  the  space  described 
by  the  heavenly  body  in  a  whole  second,  and  hence 
estimating  a  smaller  time,  according  to  the  space 
which  its  description  occupies. 

But  in  order  to  make  clocks  so  accurate  as  to 
justify  this  degree  of  precision,  their  construction 
was  improved  by  various  persons  in  succession. 
Picard  soon  found  that  Huyghens"  clocks  were 
affected  in  their  going  by  temperature,  for  heat 
caused  expansion  of  the  metallic  pendulum.  This 
cause  of  erroiir  was  remedied  by  combining  difterent 


ArOS  OF  THE  NEWTONIAN  PEHIOD.        277 


motals,  as  iron  and  copper,  which  expand  in  a 
different  degree^  in  such  a  way  that  their  eSeets 
compensate  each  other.  Graham  afterwards  used 
(|U!cksiIver  for  the  same  purpose.  The  Escapement 
too,  {which  connects  the  force  which  impels  the 
clock  with  the  pendulum  which  regulates  it,)  and 
other  parts  of  the  machinery,  had  the  most  refined 
mechanical  skill  and  ingenuity  of  the  best  artists 
constantly  bestowed  upon  them.  The  astronomer 
of  the  present  day,  constantly  testing  the  g^oing  of 
such  a  clock  by  the  motions  of  the  fixed  stars,  has 
a  scale  of  time  as  stable  and  as  minutely  exact  as 
the  scales  on  which  he  measures  distance. 

The  construction  of  good  Watches,  that  is,  port- 
able or  marine  clocks,  was  important  on  another 
account  namely,  because  they  might  be  used  in 
determining  the  longitude  of  places.  Hence  the  im- 
provement of  this  little  machine  became  an  object 
of  national  interest,  and  was  included  in  the  reward 
of  20,000/,  which  we  have  already  noticed  as  offered 
by  the  English  parliament  for  the  discovery  of  the 
longitude.  Harrison',  originally  a  carpenter,  turned 
his  mind  to  tliis  subject  with  success.  After  thirty 
years  of  labour,  in  which  he  was  encouraged  bv 
many  eminent  persons,  he  produced,  in  1738,  a 
time-keeper,  which  was  sent  on  a  voyage  to  Jamaica 
for  trial.  After  IGl  days,  the  errour  of  the  watch 
was  only  one  minute  five  seconds,  and  the  artist 
received  from  the  nation  5000A    At  a  later  period'. 


MuDt. 
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at  the  age  of  seventy-five  years,  after  a  iife  devoted 
to  this  object,  having  still  further  satisfied  the  com- 
missioners, he  received,  in  176.5,  10,000^,  at  the 
same  time  that  Euier  and  the  heirs  of  Mayer  re- 
ceived each  300U/.  for  the  lunar  tables  which  they 
had  constructed. 

The  two  methods  of  finding  the  longitude,  by 
Chronometers  and  by  Lunar  Observations,  have 
solved  the  problem  for  all  practical  purposes ;  but 
the  latter  could  not  have  been  employed  at  spa 
without  the  aid  of  that  invaluable  instrument,  the 
Sextant,  in  which  the  distance  of  two  objects  is 
observed,  by  bringing  one  to  coincide  apparently 
with  the  reflected  image  of  the  other.  This  instru- 
ment was  invented  by  Hadley,  jn  1731.  Thoug^h 
the  problem  of  finding  the  longitude  be,  in  fact,  one 
of  geography  rather  than  astronomy,  it  is  an  appli- 
cation of  astronomical  science  which  has  so  mate- 
rially affected  the  progress  of  our  knowledge,  that  it 
deserves  the  notice  we  have  bestowed  upon  it. 

3.  Te/^scopes.-^-Vfe  have  spoken  of  the  applica- 
tion of  the  telescope  to  astronomical  measurements, 
but  not  of  the  Improvement  of  the  telescope  itself. 
If  We  endeavour  to  augment  the  optical  power  of 
this  instrument,  we  run,  according  to  the  path  we 
take,  into  various  inconveniences; — ^distortion,  con- 
fusion, want  of  light,  or  coloured  images.  Distor- 
tion and  confusion  are  produced,  if  we  Increase  the 
magnifying  power,  retaining  the  length  and  the 
aperture  of  the  object-glass.     If  we  diminish  the 
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aperture  we  suffer  from  loss  of  light.  What  remains 
then  is  to  increase  the  focal  len^h.  This  was  done 
to  an  extraordinary  extent,  in  telescopes  constructed 
in  the  beginning  of  the  last  century.  Huyghcns,  in 
his  first  attempts,  made  them  22  feet  long' ;  after- 
wards, Campani,  by  order  of  Louis  the  Fourteenth, 
made  them  of  86.  100,  and  136  feet.  Huyghens, 
by  new  exertions,  made  a  telescope  210  feet  long. 
Auzout  and  Hartsoecker  are  said  to  have  gotte 
much  further,  and  to  have  succeeded  in  making  an 
object-glass  of  60U  feet  focus.  But  even  such  tele- 
scopes as  thosG  of  Campani  are  almost  unmanage- 
able :  in  that  of  Huyghens,  the  object-glass  was 
placed  on  a  pole,  and  the  observer  was  placed  at 
the  focus  mth  an  eye-glass. 

The  most  serious  objection  to  the  increase  of 
the  aperture  of  object-glasses,  was  the  coloration  of 
the  image  produced,  in  consequence  of  the  unequal 
refirangibiiity  of  differently-coloured  rays.  Newton, 
who  discovered  the  principle  of  this  defect  in  lenses, 
had  maintained  that  the  evil  was  irremediable,  and 
that  a  compound  lens  could  no  more  refract  without 
producing  colour,  than  a  single  lens  could.  Euler 
and  Klingenstierna  doubted  the  exactness  of  New- 
ton's proposition;  and,  in  1755,  DoUond  disproved 
it  by  experiment.  This  discovery  pointed  out  a 
method  of  making  object-glasses  which  should  give 
no  colour ; — which  should  be  achrouiatic.  For  this 
purpose  Dollond  fabricated  various  kinds  of  glass 
•  BftUiy,  ii.  a-i:*. 
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(flint  and  crown  glass ;)  and  Clalraut  and  D'Alem-- 
bert  calculated  formula?.    DoUond  and  his  son' 
ceeded  in  constructing  telescopes  of  three  feet  long! 
(with  a  triple  ohjeet-glass)  which  produced  an  effect 
as  great  as  those  of  forty-five  feet  on  the  ancient 
principles.    At  first  it  was  conceived  that  these  dis- 
coveries opened  the  way  to  a  vast  extension  of  thefl 
astronomer's  power  of  vision ;  but  it  was  found  that 
the  most  material  improvoment  was  the  compen- 
dious size  of  the  new  instruments ;  for.  in  increasing 
the  dimensions,  the  optician  \vas  stopped  by  the 
impossibility  of  obtaining  lenses   of  flint-glass 
very  large  dimensions.     And  this  branch  of  art 
mainod  long  stationary  ;  but,  after  a  time,  its  epoch 
of  advance  again  arrived.     In  the  present  century, 
Fraunhofer,  at  Munich,  with  the  help  of  Guinaud 
and  the   pecuniary  support  of  Uzschucidcr,  suc- 
ceeded in  forming  lenses  of  flint-glass  of  a  magni-     , 
tude   till   then   unhoard    of.     Achromatic  object-B 
glasseSj  of  a  foot  in  diameter,  and  twenty  feet  focal 
length,  are  now  no  longer  impossible ;  although  in 
snch  attempts  the  artist  cannot  reckon  on  certain; 
success  (w). 

Such  telescopes  might  be  expected  to  add  some-J 
thing  to  Our  knowledge  of  the  heavens,  if  they  hadi 
not  been  anticipated  by  reflectors  of  an  equal  or 
greater  scale.  James  Gregory  had  invented,  and^H 
Mewton  had  more  effi<racious!y  introduced,  reflect-^ 
ing  telescopes.  But  these  were  not  used  with  aa^ 
»  BwJIy.iii.  118. 
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peculiar  effect,  till  the  elder  Herschel  made  them 
bis  especial  study.  His  skill  and  perseverance  in 
grinding  specula,  and  in  contriving  the  best  ap- 
paratus for  their  use,  were  rewarded  by  a  number 
of  curious  and  striking  discoveries,  among  which,  as 
wc  have  already  related,  was  the  discovery  of  a 
new  planet  beyoud  Saturn.  In  1789,  Herschel  sur- 
passed all  his  former  attempts,  by  bringing  into 
action  a  reflecting  telescope  of  forty  feet  length, 
with  a  speculum  of  four  feet  in  diameter.  The  first 
application  of  this  magnificent  instrument  showed  a 
new  satellite  (the  sixth)  of  Saturn.  He  and  his  son 
have,  with  reflectors  of  twenty  feet,  made  a  com- 
plete survey  of  the  heavens,  so  far  as  they  are 
visible  in  this  country ;  and  the  latter  is  now  in  a 
distant  region  completing  this  survey,  by  adding  to 
it  the  other  hemisphere. 

In  speaking  of  the  improvements  of  telescopes 
we  ought  to  notice,  that  they  have  been  pursued  in 
the  eye-glasses  as  well  as  in  the  object-glasses.  In- 
stead of  the  single  lens,  Huyghens  substituted  an 
eye-piece  of  two  lenses,  which,  though  introduced 
for  another  purpose^  attained  the  object  of  destroy- 
ing colour*.  Ramsden's  eye-piece  is  one  fit  to  be 
used  with  a  micrometer,  and  others  of  more  com- 
plex construction  have  been  used  for  various  pur- 
poses. 

*  CwIditif,ton'i:,  optics,  ii.  21. 
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Sect.  2. — Obsci^atories. 

AsTBONOMY,  which  is  thus  henefited  bj  the  erection 
of  large  and  stable  instnimeuts,  requires  also  the 
establishnient  of  permanent  Observatories,  supplied 
with  funds  for  their  support,  and  for  that  of  the 
observers.    Such  observatories  have  existed  at  all 
periods  of  tho  history  of  the  science;  but  from  the 
commencement  of  the   period  which  we   are   now 
reviewing,  they  multiplied  to  such  an  extent  that 
we   cannot  even   enumerate  them.     Yet  we  must 
undoubtedly  look  upon  such  establishments,  and 
the  labours  of  which  they  have  been  the  scene,  a» 
important  and  essential  parts  of  the  history  of  the 
progress  of  astronomy.     Some  of  the  most  distin- 
guished of  the  observatories  of  modern  times  we 
may  mention.   The  first  of  these  were  that  of  Tycho 
Brahe  at  UranJburg,  and  that  of  the  Landgrave  of 
Hesse  Cassel.  at  Cassel,  where  Rothman  and  Byrgius 
observed.     But  by  far  the  most  important  observa- 
tions, at  least  since  those  of  Tycho  which  were  the 
basis  of  the  discoveries  of  Kepler  and  Newton,  have 
been  made  at  Paris  and  Greenwich.     The  observar 
tory  of  Paris  was  built  in  1G67.     It  was  there  that 
the  first  Cassini    made  many  of  his  discoveries; 
three  of  his  descendants  have  since  laboured  in  the 
same  place,  and  two  others  of  his  family,  the  Mar- 
aldis';  besides  many  other  emineut  astronomers,  as 
Picard,  La  Hire,  Leievre,  Fouchy,  LegentiL,  Chappc 
'  Mont.  iv.  3lf}. 
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echain,  Bouvard.  Greenwich  observatory  was 
ilt  a  few  years  later  (1675);  and  ever  since  its 
ection,  the  observations  there  made  have  been 
pac  foundation  of  the  greatest  improvements  which 
ronomy.  for  the  time,  received.  Flamsteed,  Hal- 
ley.  Bradley,  Bliss,  Ma,skelyne,  Pond,  have  occupied 
Hie  place  in  succession :  on  the  retirement  of  the 
last-named  astronomer  in  1835,  Professor  Airy  was 
removed  thither  from  the  Cambridge  observatory. 
In  every  state,  and  in  almost  every  principality  in 
Europe,  Observatories  have  been  established,  but 
fliese  have  often  fallen  speedily  into  inaction,  or 
have  contributed  little  to  the  progress  of  astronomy, 
because  their  observations  have  not  been  published. 
From  the  same  causes,  the  numerous  private  ob- 
sen'atories  which  exist  throughout  Europe  have 
added  little  to  our  knowledge,  except  where  the 
attention  of  the  astronomer  has  been  directed  to 
Bome  definite  points;  as,  for  instance,  the  magni- 
ficent labours  of  the  Ilerschels,  or  the  skilful  obser- 
vations made  by  Mr.  Pond  with  the  Westbury  circle, 
which  first  pointed  out  the  errour  of  graduation  of 
the  Greenwich  c]uadrants.  The  Observations,  now 
regularly  published",  are  those  of  Greenwich,  begun 
■by  Maskelyne,  and  continued  quarterly  by  Mr.  Pond; 
taioseof  Konigsberg,  published  by  Bessel  since  1814; 
l>f  Vienna,  by  Littrow  since  1820;  of  Speier.  by 
Schwerd  since  1826;  those  of  Cambridge,  com- 
benced  by  Airy  in  18*28 ;  of  Armagh,  by  Robinson 
'  Airy,  Rtp.  p.  128. 
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in  1829.  Besides  these,  -a  number  of  useful  obser- 
vations hav^  been  pubHsTied  in  journals  and  ocear 
sional  forms ;  as,  for  instance,  those  of  Zach,  made 
at  Seeberg,  near  Gotha,  since  1788;  and  others 
have  been  employed  in  forming  catalogues,  of  whieh 
we  shall  speak  shortly  (x). 

Nor  has  the  establishment  of  observatories  been 
confined  to  Europe.  In  1786,  M.  de  Beauchamp, 
at  the  expense  of  Louis  the  Sixteenth,  erected  an 
observatory  at  Bagdad,  '"  built  to  restore  the  Chal- 
dean and  Arabian  observations."  as  the  inscription 
stated  ;  but,  probably,  the  restoration  once  effected, 
the  main  intention  had  been  fulfilled,  and  little  per- 
severance in  observing  was  thought  necessa-ry.  In 
1828,  the  British  government  completed  the  build- 
ing of  an  observatory  at  the  Cape  of  Good  Hope, 
which  Laeaille  had  already  made  an  astronomical 
station  by  his  observations  there  at  an  earlier 
period,  (1750);  and  an  observatory  formed  in  New 
South  Wales  by  Sir  T.  M.  Brisbane  in  1822,  and 
presented  by  him  to  the  government,  is  also  in 
activity.  The  East  India  Company  has  founded 
observatories  at  Madras,  Bombay,  and  St.  Helena; 
and  observations  made  at  the  former  of  these  places, 
and  at  St.  Helena,  have  been  published. 

The  bearing  of  the  work  done  at  such  observa- 
tories upon  the  past  progress  of  astronomy,  has 
already  been  seen  in  the  preceding  narrative.  Their 
bearing  upon  the  present  condition  of  the  science 
will  be  the  subject  of  a  few  remarks  hereafter. 
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Sect.  3. — Scientific  Societies. 

IE  influence  of  Scientific  Societies,  or  Academical 
Bodies,  has  also  been  very  powerful  in  the  subject 
before  us.    lu  all  branches  of  IcTiowledge,  the  use  of 
such  associations  of  studious  and  inquiring  men  is 
great;  the  clearness  and  coherence  of  a  speculator's 
ideas,   and   their  agreement  with  tacts,   (the  two 
main  conditions  of  scientific  truth,)  are  severely  but 
benefielallv  tested   by  collision  with   other  minds. 
In  astronomy,  moreover,  the  vast  extent  of  the  sub- 
ject makes  requisite  the  division  of  labour  and  the 
support  of  sympathy.     The  Royal  Societies  of  Lon- 
don and  of  Paris  were  founded  nearly  at  the  same 
time  as  the  metropolitan  Observatories  of  the  two 
countries.     We  have  seen  what  constellations  of 
philosophers,  and  what  activity  of  research,  existed 
at  those  periods ;  these  philosophers  appear  in  the 
lists,  their  discoveries  in  the   publications,   of  the 
above-mentioned   eminent  Societies.     As  the  pro- 
gress of  physical  science,  and  principally  of  ai^tro- 
noray^  attracted  more  and  more  admiration,  Aca* 
demies  were  created  in  other  countries.    That  of 
Berlin  was  founded  by  Leibnitz  in  1710;  that  of 
St.  Petersburg  was  established  by  Peter  the  Great  in 
1726;  and  both  these  have  produced  highly-valu- 
able Memoirs.   In  more  modern  times  these  associa- 
tions have  multiplied  almost  beyond  the  power  of 
estimation.     They  have  bet^n  formed  according  to 
diviaioas.  both  of  locality  and  of  subject  conform- 
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able  to  the  present  extent  of  sci^'nee,  aod  the  vast 
population  of  its  cultivators.  It  would  be  useless  to 
attempt  to  give  a  view  either  of  their  number  or  of 
the  enormous  mass  of  scientific  literature  which 
their  Transactions  present.  But  we  may  notice,  as 
specially  connected  with  our  present  subject,  the 
Astronomical  Soeietj  of  London,  founded  in  1820, 
which  gave  a  strong  impulse'  to  the  pursuit  of  the 
science  in  England. 


Sect.  4. — Pairom  of  AHronomy. 

The  advantages  which  letters  and  philosophy  derive 
from  the  patronage  of  the  great  have  sometimes 
been  questioned ;  that  love  of  knowledge,  it  has 
been  thought,  cannot  be  genuine  which  requires 
such  stimulation,  nor  those  speculations  free  and 
true  which  are  thus  forced  into  being.  In  the 
sciences  of  observation  and  calculation,  however, 
in  which  disputed  questions  can  be  experimentally 
decided,  and  in  which  opinions  are  not  disturbed  by 
men's  practical  principles  and  interests,  there  is 
nothing  necessarily  operating  to  poison  or  neutralize 
the  resources  which  wealth  and  power  supply  to 
the  investigation  of  truth. 

Astronomy  has,  in  all  ages,  flourished  under  the 
favour  of  the  rich  and  poworlul ;  in  the  period  of 
which  we  speak,  this  was  eminently  the  case. 
Louis  the  Fourteenth  gave  to  the  astronomy  of 
France  a  tlistinction   nhich,  without  liLm,  it  could 
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Tiot  have  attained.  No  step  perhaps  tended  more 
Kfco  this  than  his  bringing  the  celobrated  Dorulaic 
BCassioi  to  Paris.     This  Italian  astronomer  (for  he 

■was  born  at  Permaldo,  in  the  county  of  Nice,  and 

I  was  professor  at  Bologna.)  was  already  in  possession 
of  a  brilliant  reputation,  when  the  French  ambas- 
sador, in  the  name  of  his  sovereign,  applied  to  Pope 
Clement  the  Ninth,  and  to  the  senate  of  Bologna, 
that  he  should  be  allowed  to  remove  to  Paris.  The 
request  was  granted  only  so  far  as  an  absence  of  six 
years ;  but  at  the  end  of  that  time,  the  benefits  and 
honours  which  the  king  had  conferred  upon  him, 
fixed  him  in  France.  The  impulse  which  his  arrival 
(in  1669,)  and  his  residence  gave  to  astronomy, 
showed  the  wisdom  of  the  measure.  In  the  same 
spirit,  the  French  government  drew  to  Paris  Romer 
from  Denmark,  Huyghens  from  Holland,  and  gave 
a  pension  to  Ileveiius.  and  a  large  sum  when  his 
ob8er\atory  at  Dantzic  had  been  destroyed  by  fire 
in  1670. 

When  the  sovereigns  of  Prussia  and  Russia  were 
exerting  themselves  to  encourage  the  sciences  in 
their  countries,  they  followed  the  same  course 
which  had  been  so  successful  in  France.  Thus,  as 
we  have  said,  the  Czar  Peter  took  Delisle  to  Pe- 
tersburg in  1725 ;  the  celebrated  Frederick  the 
Great  drew  to  Bo'lin,  Voltaire  and  Maupertuis, 
Euler  and  Lagrange ;  and  the  Empress  Catharine 
obtained  in  the  same  way  Eulcr.  two  of  the  Ber^ 
noulUa.  and  other  mathematicians.  In  none  of  these 
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instances,  however,  dU  it  happen  that  "  the  gene 
Tous  plant  did  still  its  stock  renew,"  as  we  have 
seen  was  the  case  at  Paris,  with  the  Cassinis,  and 
their  kinsmen  the  Maraldis. 

It  is  not  necessary  to  mention  here  the  raoreJ 
recent  cases  in  which  sovereig-ns  or  statesmen  havej 
attempted  to  patronise  individual  astronomers. 


Sect.  5. — Astrononiiail  Ej-peditimis. 

Besides  the  pensions  thus  bestowed  upon  rc&ident 
mathematicians  and  astronomers,  the  governments 
of  Europe  have  wisely  and  usefully  employed  con- 
siderable sums  upon  expeditions  and  travels  under- 
taken by  men  of  science  for  some  appropriate 
ohject.  Thus  Picard,  in  1671,  was  sent  to  Uraui- 
burg,  the  scene  of  Tycho's  observations,  to  deter- 
mine Its  latitude  and  its  longitude.  He  found  that 
*'  the  city  of  the  skies"  had  utterly  disappeared 
from  the  earth;  and  even  its  foundations  were 
retraced  with  difficulty.  With  the  same  object, 
that  of  accurately  connecting  the  labours  of  the 
places  which  had  boon  at  different  periods  the  me- 
tropolis of  astronomy,  Chazelles  was  sent,  in  1693, 
to  Alexandria.  We  have  already  mentioned  Bicher's 
astronomical  expedition  to  Cayenne  in  1672.  Varin 
and  Deshayes^  were  sent  a  few  years  later  into 
the  same  regions  for  similar  purposes.  Halley's 
expedition  to  St,  Helena  in  1677,  with  the  view, 
•  Bnilly,  ii,  m. 
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of  observing  the  southern  stars,  was  at  his  own  ex- 
pense; but  at  a  later  period  (in  1698,)  he  was 
appointed  to  the  commauii  of  a  small  vessel  by 
King  William  the  Third,  in  order  that  he  might 
makf  his  magnetical  observations  in  all  parts  of  the 
world,  Laeaille  was  maintained  by  the  French 
government  four  years  at  the  Cape  of  Good  Hope 
(1750-4,)  for  the  purpose  of  observing  the  stars 
of  the  southern  hemisphere.  The  two  transits  of 
Venus  in  1761  and  1769,  occasioned  expeditions  to 
be  sent  to  Kamtschatka  aud  Tobolsk  by  the  Rus- 
sians; to  the  Isle  of  France,  and  to  Coromandel, 
by  the  French'";  to  the  isles  of  St.  Helena  and 
Otahelte  by  the  English ;  to  Lapland  and  to  Dron- 
theim,  by  the  Swedes  and  Danes.  I  shall  not 
here  refer  to  the  measures  of  degrees  executed  by 
various  nations,  still  less  the  innumerable  surveys 
by  land  and  sea;  but  I  may  just  notice  the  suc- 
cessive English  expeditions  of  Captains  Basil  Hall, 
Sabine,  and  Foster,  for  the  purpose  of  determiaing 
the  length  of  the  seconds*  pendulum  in  different 
latitudes ;  and  the  voyages  of  M.  Biot  and  others, 
sent  by  the  French  government  for  the  same  purpose. 
Much  has  been  done  in  this  way ;  but  not  more 
than  the  progress  of  astronomy  absolutely  required; 
and  only  a  small  portion  of  that  which  the  com- 
pletion of  the  subject  calls  for, 

'"  Bailly,  iii.  107. 


u 
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Ser^.  G. — Present  State  of  Agtronomi/. 

Astronomy,  in  its  present  condition^  is  not  only 
much  the  most  advanced  of  the  sciences,  but  is  also 
in  far  more  lavourable  circumstances  than  any 
other  science  for  making  any  future  advance,  as 
soon  as  this  is  possible.  The  general  methods  and 
conditions  by  which  such  an  advantage  is  to  be 
obtained  for  the  various  sciences,  we  shall  endea- 
vour hereafter  to  throw  some  light  upon;  but  in 
the  mean  tinie,  we  may  uotice  here  some  of  the 
circumstances  in  which  this  peculiar  felicity  of  the 
present  state  of  astronomy  may  be  tniccd. 

The  science  is  cultivated  by  a  number  of  votaries, 
with  an  assiduity  and  labour,  and  with  an  expen- 
diture of  private  and  public  resources,  to  which  no 
other  subject  approaches;  and  the  mode  of  its  culti- 
vation in  all  public  and  most  private  observatories, 
has  this  character  ;  that  it  forms,  at  the  same  time, 
a  constant  process  of  verification  of  existing  dis- 
coveries, and  a  strict  search  for  any  new  discover- 
able laws.  The  observations  made  are  immediately 
referred  to  the  best  tables,  and  corrected  by  the  best 
formulEB  which  are  known ;  and  if  the  result  o 
such  a  reduction  leaves  anything  unaccounted  fcav 
the  astronomer  is  forthwith  curious  and  anxious 
to  trace  this  deviation  from  the  expected  numbert* 
to  its  rule  and  its  origin ;  and  till  the  first>  at  least, 
of  these  things  is  performed,  he  is  dissatisfied  anc/ 
unquiet.    The  reference,of  observations  to  the 
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of  the  heavens  as  known  by  previous  researches. 
implies  a  great  amount  of  calculation.  The  esacfc 
places  of  the  stars  at  some  standard  period  are 
recorded  in  Catalogues ;  tl'.eii  movements,  accord- 
ing: to  the  laws  hitherto  detected,  are  arranged  in 
I  Tables ;  and  if  these  tables  are  applied  to  predict 
the  nitmbers  which  observation  on  each  day  ought 
to  give,  they  form  Ephem^rides,  Thus  the  cata^ 
logues  of  fixed  stars  of  Flamsteed,  of  Piazzi,  of 
Maskelyne.  of  the  Astronomical  Society,  are  the 
basis  of  all  observation.  To  these  are  applied  the 
Corrections  for  Refraction  of  Bradley  or  liessel, 
and  those  for  Aberration,  for  Nutation,  for  Preces- 
sion, of  the  best  modern  astronomers.  The  obser- 
vatioQs  so  corrected  enable  the  obsen-er  to  satisfy 
himself  of  the  delicacy  and  fidelity  of  his  measures 
of  time  and  space ;  his  Clocks  and  his  Arcs.  But 
this  being  done,  diiferent  stars  so  observed  can  be 
compared  with  each  other,  and  the  astronomer  can 
then  endeaveur  further  to  correct  his  fundamental 
Elements; — -his  Catalogue,  or  his  Tables  of  Correc- 
tions. In  these  Tables.  thoug:h  previous  discovery 
has  ascertained  the  law,  yet  the  exact  quantity,  the 

(toru-Uint  or  mefficient  of  the  formula,  can  be  exactly 
fised  only  by  numerous  observations  and  compa- 
risons. This  is  a  labour  which  is  still  going  on, 
and  in  which  there  are  differences  of  opinion  on 
■  almost  every  point;  but  the  amount  of  these  dif- 
^  ferences  is  the  strongest  evidence  of  the  certainty 
%ud  exactness  of  those  doctrines  in  which  all  agree. 
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Thus  Lindenau  makes  the  cootficient  of  Nutation^ 
rather  leas  than  nine  seconds,  which  other  astro- 
nomers   give   as    about   nine    seconds    and    three 
tenths.     The  Tables  of  Retraction  are  still  the  sub-, 
ject  of  much  discussion,  and  of  many  attempts  at 
iiiHirovement.    And  after  or  amid  these  diseussionsij^j 
arise  questions  whether  there  be  not  other  cor^W^ 
rections  of  which  the  law  has  not  jet  been  assigned. 
The   most  remarkable   example   of  such  questions 
is  the  controversy  conceruing  the  existouce  of  an 
Annual  Parallax  of  the  fixed  stars,  which  lirinkley 
asserted,  and  which  Pond  denied.     Such  a  dispute] 
between   two  of  the   best  modern  observers,  onlj 
proves  that  the  quantity  in  question,  if  it  really 
exist,  is  of  the  same  order  as  the  hitheito  unsur-| 
mounted  errors  of  instruments  and  corrections  (z). 
But  besides  the  fixed  stars  and  their  corrections, 
the  astronomer  has  the  motions  of  the  planets  for 
his  field  of  action.     The  established  theories  have 
given  us  tables  of  these,  from  which  their  dajly! 
places  are  calculated  and  given  in  our  ephemerides, 
as  the  Berliner  Jahrhndi  of  Encke,  or  the  Nau- 
ticiil  Ahnanacy   published    by   the  government  of 
this  country,  the   Counaiasance  deit    Terns   wliieli 
appears  at  Paris,  or  the  Efenieridi  di  Milano. 
The  comparison  of  the  observed  with  the  tabular 
place,  gives  us  the  means  of  correcting  the  cocffi-i 
cients  of  the  tables;  and  thus  of  obtaining  greater' 
exactness    in    the    constants  of  the    solar   system. 
But  these  constants  depend  upon  the  ma&s  aod 
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form  of  tlic  liodios  of  which  the  system  k  com- 
[losL'd ;  and  in  this  province,  as  well  as  in  sidereal 
astronomy,  different  determinations,  obtained  by 
different  paths,  may  be  compared ;  and  doubts  may 
be  raised  and  may  be  solved.  In  this  way,  the 
perturbations  produced  by  Jupiter  on  dirt'erent 
planets  gave  rise  to  a  doubt  whether  his  attraction 
be  really  proportional  to  his  mass,  as  the  law  of 
universal  gravitation  asserts.  The  doubt  has  been 
solved  by  Nicolai  and  Encke  in  Gennany,  and  by 
jiViry  in  England.  The  mass  of  Jupiter,  as  shown 
by  the  perturbations  of  Juno,  of  Vestas  and  of 
Enckca  eomet,  and  by  the  motion  of  his  outermoBt 
satellite,  is  found  to  agree,  though  different  from 
the  mass  previously  received  on  the  authority  of 
Laplace.  Thus  also  Burekhardt,  Littrow,  and  Airy, 
have  corrected  the  elements  of  the  solar  tables.  In 
other  cases,  the  astronomer  finds  that  no  change  of 
the  coefficients  will  bring  the  tables  and  the  obser- 
vatioiis  to  a  coincidence  ; — that  a  new  term  in  the 
formula  is  wanting.  He  obtains,  as  far  as  he  can, 
the  law  of  this  unknown  term:  if  possible,  he  traces 
it  to  some  known  or  probable  cause.  Thus  Mr. 
Airy,  in  his  examination  of  the  Solar  Tables,  not 
only  found  that  a  diminution  of  the  received  maas 
of  Mars  was  necessary,  but  perceived  discordances 
which  led  him  to  suspect  the  existence  of  a  new 
inequality.  Such  an  Inequality  was  at  length  found 
to  result  theoretically  from  the  attraction  of  Venus. 
Eiickc,  in  his  cxamiiiatiuii  of  his  comet,  found  a 
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diminution  of  the  pGrionlic  time  in  the  suceessiw 
revolutions;  from  which  he  inferred  the  existence 
of  a  resisting  medium.     Uranus  still  deviates  fro 
his  tabular  place,  and  the  cause  remains  yet  to 
discovered. 

Thus  it  is  impossible  that  an  assertion,  false 
any  amount  which  the  existing  state  of  observatio; 
can  easily  detect,  should  have  any  abiding  prev. 
lencG  in  astronomy.    Such  errours  may  long  ke 
their   ground  in    any   science   which   is  eontaine 
mainly  in  didactic  works,  and  studied  in  the  closet, 
but  not  acted  upon  elsewhere ; — which  is  reasoned_ 
upon  much,  but  brought  to  the  test  of  exporime 
rarely  or  never.     Here,  on  the  contrary,  an  erro' 
if  it  arise,  makes  its  way  into  the  tables,  into  tt 
ephemeris,  into  the  obscTYcr's  nightly  list,  or  his 
sheet  of  reductions;  tiie  evidence  of  sense  flies 
its  face  in  a  thousand  observatories;   the  disc 
pancy  is  traced  to  its  Bour<:e,  and  soon  disappears 
for  ever. 

In  this  favoured  branch  of  knowledge,  the  m< 
recondite   and   delicate   discoveries    can    no    more 
suffer  doubt  or  contradiction,  than  the  most   pal- 
pable facts  of  sense  which  the  face  of  nature  offers 
to  our  notice.     The  last  great  discovery  in  astral^ 
nomy, — the  motion  of  the  stars  arising  from  aber- 
ration,— is  as  obvious  to  the   vast  populatiou  ofl 
au^tronomical  observers  in  all  parts  of  the  world,  a^ 
the  motion  of  the  stars  about  tlie  pole  is  to  tht 
pMsiial  night-wandcrcr.     And  this  immunity   f 
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the  danger  of  any  large  crrour  in  the  recGived  doc- 
trines, U  a  firm  platform  o.n  whieh  the  astronomer 
can  stand  and  exert  himself  to  reach  perpetually 
further  and  further  Into  the  region  of  the  un- 
known. 

The  same  scrupulous  care  and  diligence  in  re- 
cording all  that  has  hitherto  hoen  ascertained  has 
heen  extended  to  those  departments  of  astronomy 
in  which  we  have  as  yet  no  general  principles  which 
serve  to  bind  together  our  acquired  treasures.  These 
records  may  be  considered  as  constituting  a  De- 
scnptive  Astronomp ;  such  are  for  instance  Cata^ 
logues  of  Stars,  and  Maps  of  the  Heavens,  Maps 
of  the  Moon,  representations  of  the  appearance  of 
the  Sun  and  Planets  as  seen  through  powerful 
telescopes,  pictures  of  Nebula?,  of  Comets  and  the 
like.  Thus,  besides  the  Catalogue  of  Fundamental 
Stars  which  ma}'  be  considered  q&  standard  points 
of  reference  for  all  obsen'ations  of  the  Sun,  Moon, 
and  Planets,  there  exists  many  large  cataloguea  of 
smaller  stars.  Flamsteed's  Hisioria  Cclestis,  which 
much  surpassed  any  previous  catalogue,  contained 
above  30l>0  stars.  But  in  1801,  the  French  Hig- 
tmre  Celeste  appeared,  comprising  observations  of 
50,000  stars.  Catalogues  or  charts  of  other  special 
portions  of  the  sky  have  been  published  more  re- 
cently ;  and  in  1R25,  the  Berlin  Academy  proposed 
to  the  astronomers  of  Europe  to  carry  on  this  work 
by  portioning  out  the  heavens  among  them  (\\). 

We  have  already  said  something  of  the  obaor- 
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("f.)  p.  ]  G9.  Dr.  Robison  {Mechamcat Pfiilosopky,  p.  2S8,) 
says  that  Nowton  having  beconiD  a  inomlicr  of  the  Royfil 
Society,  thore  Icamod  the  accurate  moasuromont  of  the 
earth  by  PicuriJ,  iliffpring  very  much  from  the  estimation 
by  which  he  lutd  maile  his  calculations  in  1666.  Aad  M. 
Biot,  in  his  life  of  Nowton,  published  in  the  Bior^raphie 
Vnivefsdle,  says,  '■'Accordinff  to  conjivture,  about  tho  month 
iif  June,  ]682,  Newton  being  in  Lundon,  at  a  meeting  of 
the  Royal  Society,  mention  was  made  of  the  new  measure  of 
a  Jegree  of  the  oarth''i  eurfAce,  recently  executed  in  Franco 
by  Picard  ;  and  great  praise  was  given  to  the  caro  which 
had  been  employed  in  making  this  measure  exact." 

1  had  adopted  this  conjecture  aa  a  fact  in  my  firet 
edition ;  but  it  has  been  pointed  out  by  Prof.  Rigaud 
{ITiitorieaF-  Ensari  on  the-  Fimt  PnhUeation  of  thif  Prhielpia, 
1838.)  thatPicard's  meiisurement  was  probably  well  known 
to  the  Fellows  of  the  Royal  Society  aa  early  as  1 675, 
there  being  an  account  of  the  roeulte  of  it  given  in  the 
Philosophical  Transactions  for  that  year.  Newton  appeai-e 
to  have  discovered  the  method  of  dctennining  that  a  body 
might  describe  an  ellipao  when  acted  upon  by  a  force 
residing  in  tho  focus,  and  varying  invereely  a&  the  square 
of  tho  dietancG,  in  1679,  upon  occasion  of  his  correspond- 
ence with  lI(H>ko.  In  1GS4,  at  Halle/a  re<|ii08t,  he  re- 
turned to  the  Bubjeot,  .-ind  in  l'\^bniary,  HiW5.  there  wjlb 
inwrted    in   the   Uegister   of  the    Royal   Society  n   paper 
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lVewton*B  (Imaei  Nsiftom  Profinsitionei  de  Motu)  wliich 
:ontainci!  some  of  the  priiici]>ail  I'roiKHsitions  of  the  firat 
Lwo  Bwuks  of  the  Princifria.  Thie  paper,  liowever,  liocs 
'not  contaia  the  Proposition  "  Liinam  gravitfl.ro  in  ter- 
ram,"'  nor  any  of  the  other  PropoeitionB  of  the  Third 
Book.  The  Princlpia  was  priiitod  m  1686  and  7,  appa- 
rently at  the  «xpGaE@  of  HJitloy.  On  the  6th  of  Aprit, 
1687»  the  Third  Book  was  presented  to  the  Royal  Society. 
(g.)  p.  lS(i.  lu  the  first  edition  of  the  PrUcipia, 
published  in  1687,  Newton  showed  that  the  nature  of  all 
the  th«n  kTiowit  inotpialitics  of  the  moon,  and  in  some 
cases  tlietr  quantitica,  might  be  deduced  from  the  prin- 
ciplee  which  he  laid  dowD ;  hut  the  determination  of  tho 
amount  and  Ltw  of  moat  of  the  mequaJitiva  was  deferred  to 
a  more  favourable  opportunity,  when  he  might  be  fur- 
nished with  better  astronomical  obBervationa.  Such  oh- 
ficn"ationa  as  he  needed  for  tliie  purpoHu  had  boon  mode 
by  Flamfltced,  and  for  theae  he  appUed,  representing  Iiow 
much  vahiG  their  use  would  odd  to  the  ohscrvatione.  '*1f,'" 
he  eayfli  in  1694.  "you  publish  them  without eiich  a  theory 
to  recouunend  them  thoy  will  only  bi;  thrown  into  the 
huup  of  the  observations  of  former  ostrononierB,  till  eome- 
hody  sliall  arise  that  by  perfecting  tho  theory  of  tho  moon 
ahall  discover  your  observations  to  he  exacter  than  the 
rest,  but  when  tliat  eliall  be,  God  knows:  I  fear,  not  IQ 
your  lifetime,  if  I  should  die  before  it  is  done.  For  I 
find  tills  thooiy  so  very  intricate,  and  tlie  theoiy  of  gravity 
»Q  neccasary  to  it,  that  I  am  satisticdi  it  vnll  nuver  be 
pcrfc-cted  but  by  eomebody  who  understiinds  tho  thoorj' 
oF  graiity  as  wlII,  or  better  than  1  do."  Ho  obtitinul 
from  Flanii^tood  the  hmar  observations  for  which  he  ap- 
plied,  and  by  using  thea-  he  framed  tJie  Thcorj-  of  the 


NOTES  TO  BOOK  VII. 


299 


UooD  whiffli  U  givoD  as  hie  in  I>avi(i  Gregory's  Jstro- 
nomup  Eiementa*.  He  also  obtained  from  Flaineteod  th<j 
ilianieters  of  the  planets  as  observed  at  various  times,  and 
the  great«8t  elongations  of  Jupiter's  Satellites,  both  of 
which  namBt<!td  says,  lie  made  uee  of  in  his  Principia. 

I  regret  much  to  hsiTe  done  FUmeteed  injustice  in 
my  first  Edition  by  stating  that  he  withheld  hia  ol>serva- 
liorw  from  Newton,  and  by  ascribing  to  their  differences 
ou  this  Bubjtet,  the  angry  intercourse  which  took  place 
between  them  at  a  latesr  period.     Newton  in  his  letters 
to  Flamsteed  in  1694  and  5  acknowledges  thia  eorvjce. 
The  (juarrel  on  the  subject  of  the  publication  of  Flam- 
steed's  Obeervatione  took  plaee  at  a  later  period.      Flam- 
Bt«ed  wished  to  have  \m  Observations  printed  cooiplebe 
and  entire.     Halley,  who,  under  the  authority  of  Newton 
and  others,  liad  the  management  of  the  printing,  made 
many  alterations  aud  ouiisaions,    which  FlamBtet-d  con- 
sidered aa  deforming  aod  spoiling  the  work,      The  advan- 
tages of  publishing  a  cotnplete  series  of  observations,  now 
generally  understood,  were  not  then  known  to  aatronomers 
in   general,  though  well  known  to  Flamsteed,  and  e-am- 
vfitly  insisted  upon  in  his  remonstrances.     The  result  wag 
that  FlannHteed  published  hifi  Obserratioas  at  his    own 
expense,  and  tinally  obtained  permission  to  destroy  the 
copies  printed  by  Halley,  which  he  did.      la  1726,  after 
Flarafitccd^e  death,  his  widow  applied  to  the  Vioe-Chan- 
cellor  of  Oxford,  reij^uesting  that  the  volume  printed  by 
Halley  might  I>e  removed  out  of  tho  Bodleian  Library, 
where  it  exists,  as  being  "  nothing  more  than  an  erroneous 

•  In  ihe  Preface  lo  n.  Trealinf  on  Dytinntics,  Pnrt  i,,  publit^jirij  in 
IFinR,  I  have  endeavoureil  loglmwlhiit  Nt-wflon'snuMlcsoi'ilcWnniiiitm 
wvoTol  of  the  liiiinr  in(>'{ualltu'H  Jultnit'tLiI  of  an  ruciirac;  nul  very 
inffrior  111  thf  nuiik-m  Analyfinil  methods. 
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abridgemont  of  Mr.  Flamsteod's  works,"  and  unfit  to 
th(3  light. 

(h.)  p.  203-  I  p'frceivo  that  tiiy  accotlipliaheil  Ger- 
man translator,  Littrow,  has  incautiously  copied  the  in- 
sinuationa  of  some  modem  writers  to  the  cifcct  that 
Clarkc''a  reference  to  Newton,  in  hie  Kditiuo  of  Ruliault^i 
PAyHcg,  waa  a.  mode  of  introducing  Newtonian  doctrint 
covertly,  when  it  was  not  Jillowcd  him  to  introduce  sut'h 
novelties  openly.  I  am  qylt-e  sure  tliat  any  one  who  looka 
into  thijs  matter  will  eee  that  this  BUpposition  of  any  uivif 
willingness  at  Cambridge  to  receive  Newton's  doctrine  is 
quito  absurd,  and  can  prove  nothing  but  the  intoneo  pro- 
judicea  of  thoso  who  maintain  such  an  opinion,  Newton 
received  and  hold  bis  professorship  amid  the  unexampled 
admiration  of  all  contemporary  members  of  tho  Univei 
sity.  Whieton,  who  is  sometlmeB  brought  as  an  evidenca-i 
against  Cambridge  on  this  point,  says,  "  I  with  immense 
paina  set  myself  with  the  utmost  zeal  to  the  study  of  Sir_ 
Isaac  Newton's  wonderfiil  discoveries  in  hia  PhUo^pAital 
Nataralis  Pnneipia  Mathematical  one  or  two  of  whi< 
Uctures  I  had  Iteard  him  read  in  th«  puhlick  schaok,  thowg^h' 
I  understood  thorn  not  at  the  timH."  Ae  to  Rohault'a 
Phpic4,  it  really  did  contain  the  best  mechanical  philo- 
sophy of  the  time ; — the  doctrines  which  were  htld 
Descartes  in  common  with  GalileOf  and  witli  all  the  Gouiidl 
Miatbematiciiina  who  auccoeded  them.  Nor  doeg  it  loolel 
like  any  great  iintipathy  to  novelty  in  the  University 
Cambridge,  that  this  book,  which  was  quite  as  novel 
ite  doctrines  as  Newton's  Principia,  and  which  had  onlj 
been  published  at  Paris  in  1 67 1 ,  had  obtained  a  firn 
hold  on  the  University  in  Bese  than  twenty  years.  NcirT 
is  tbete  Any  attempt  made  in  Clarko'a  notes  to  oodckI 
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the  novelty  of  Newton's  diecoveriee,  but  on  tho  contrary, 
admiration  is  clajmctl  for  tliem  as  new. 

The  prompt! tutic  with  which  the  Mathematicians  of 
tho  (Jnivoreity  of  Cambridge  adopted  the  best  parts  of  thu 
merhanicaJ  philosophy  of  Descartue,  and  the  gi-catcr  phi- 
losophy of  Newton,  in  the  acvo^nteenth  century,  has  been 
pnrallc'Ied  in  our  own  times,  in  the  promptitude  with 
which  thoy  have  adopted  and  followed  into  their  conec- 
quencfs  the  Mn,th)?]iiat)cal  Tlienry  of  Hunt  of  Fouripr  and 
Laplaco,  and  the  Undulatory  Theorj'  of  Light  of  Young 
and  Frcsnel. 

In  Nowton"a  College,  we  [w)SBGes,  besides  the  memorials 
of  him  mentioned  in  tho  text,  (which  include  two  locke  of 
hia  silvcr-white  hair)  a  paper  in  hie  own  liand-%mting, 
deecribiug  the  preparatory  reading  which  was  necoseary  in 
order  that  our  College  atudentH  might  bo  able  to  read  the 
Priiicipia.  1  have  printed  this  paper  in  the  Proface  to 
my  Edition  of  the  First  Three  Soctiona  of  tho  Frincipta 
in  the  original  Latin  (1S46). 

Bentley,  who  had  expressed  his  admiration  for  New- 
ton in  his  Boylo'e  Lectures  in  I  R92,  was  made  M.iBtot  of 
the  College  in  1699,  as  1  have  stated;  and  partly,  no 
doubt,  in  conseipiencc  of  the  Newtonian  eerraone  which  he 
tind  preached.  In  his  adDiinistration  of  the  College,  he 
zealously  stimulated  and  assisted  the  exertions  of  Cotes, 
Whistim,  ami  other  disciples  of  Newton.  Smith,  Bcnt- 
ley'B  suocoissor  ae  Master  of  the  College,  erected  a  etatuo 
of  Newton  in  the  College  Cliaptil  (a  noble  work  of 
Roubiliac),  with  the  iuscription,  Qwi  genus  hamaniim  in- 
ftenio  stipetavit. 

If  it  fell  in  with  my  plan  to  notice  derivative  works, 
I   mj^hl  Bpenk  of  Macluurin's  admirable  Account  of  Sir 
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ixaac  Neipion's  Di$eoven€$,  puliliahod  in  17-^S.     This  iij 
atill  one  of  the  best  book*  (m  the  subject. 

Tho  late  Professor  Higaud'a  Historical  Eeeay  on  t&» 
Fira  PnbUcaiion  of  Sir  Isaac  Newtmi's  '  PTinctpia"  (Oxf, 
1838)  contains  &  careful  and  can<li<l  view  of  tho  oirci 
ataocee  of  that  evont. 

(i.)  p.  304.     In  the  first  Edition  I  had  spoken  of 
Flamsteed  sia  having  ultimately  rejett&d  Newton's  tUeory, 
declaring  In  1714  to  tia  (Xirrcapondent  Abraham  Sbarp^ 
"  I  have    determined   to    Lay  the«e   orotoheta    of  Sir 
Newtona  wholly  aside."     And  I  hod  given  as  the  renao: 
of  thifl,   that  Flamsteed,  though  a  goad  obeerver,  wraa  noj 
philosopher ;  could  never  understand  by  a.  Thoory  any- 
thing more  thin  a  Formula  which  should  predict  r^ulte; 
and  was  incapable  of  comprehending  the  object  of  Nem^f 
ton's  Theory,  whicli  was  to  sfidgn  causes  as  well  as  ruleft, 
and  to  satiisly  tha  conditiona  of  MechanicH  as   well  ad 
Geometry. 

I  do  not  see  any  reason  to  retract  wha,t  was  tbi4| 
said  i   but  it  ought  perhaps  to  be  noticed  that  on  these 
very  accounts  Flaraateed'e  rejaction  of  NL-wton's  rules  did 
not  imply  a  denial  of  the  doctrine  of  gravitation.      In  the 
letter  above  quoted,    Flamsteed  saya  tha.t  he  has  heeA 
employed  upon  the  Mood,  and  that  '''  The  heavens  rejeolfl 
that  equation  of  Sir  I.  Kewton  which  Gregory  and  New- 
ton called  hi.^  sixth ;   I  had  theu  [when  he  wrote  before] 
compari^d  but  72  of  my  observatione  with  the  tables,  now 
I  hare  exacnined  aborc  100  more.      I  find  them  all  fim^l 
in  the  same,  and  the  eeventh  too."      And  thereupon  he 
eomea   to  the   determination  above   stated. 

At  an  carlior  period  Flamsteed  had  received  Nevvton'i 
BUggeetions  with  great  deference,  and  had  regulated  bis 
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nvm  obflprvationsi  an<i  theories  with  referenco  to  t!ieTn> 
Tho  calciilfttion  of  the  lunnj-  inequalities  upon  tho  theory 
of  graviULtion  was  round  by  Newton  and  his  silccussora  to 
bv  a  more  difl&oult  and  laborious  task  than  ho  had  !inti(;i- 
patcii,  and  was  not  performed  without  several  triala  and 
erroure.  Ono  of  the  equ^tiojis  was  at  firet  puhllshed  (in 
Oregory'ft  Aetronomim  Elemanta)  with  a  wrong  sign.  And 
when  Newton  hwl  doncf  all,  Flameteed  found  that  the 
rules  wen?  far  from  coining  ii(»  to  the  degree  of  accuracy 
which  bad  been  claimed  for  them,  that  thoy  c<>ul<i  give  the 
moon^e  placo  true  to  2  ar  3  minutea.  It  wae  not  till 
considerably  later  that  this  amount  of  exactness  was  at- 
tained. 

The  late  Mr.  B^ly,  to  whom  astronomy  and  aetro- 
nomicil  literaturo  are  eo  deeply  ind«bted,  in  bia  Supjfis- 
ment  to  the  Acc&vM  of  Flamtmi,  has  examined  with  great 
cai-e  and  great  candour  the  asecrtiun  that  Flanistecd  did 
not  underatand  Newton's  Theory.  He  remarks,  very 
Jnetly,  that  what  Newton  himself  at  first  ptoselited  as  his 
Theory  might  more  properly  be  called  fl«Ats  for  ooraputing 
lunar  tables,  than  a  phyeica!  Tlmiry  in  the  modem  ac- 
ceptation of  tho  tenn.  Ho  ahowa,  too,  that  FlamBteed 
hail  read  the  Prindpia  with  attention  {Supp.  p.  691).  Nor 
<k>  I  doubt  tliat  many  ooneiderablo  mathematiciang  gave 
the  eame  imperfect  afisent  to  Newton'a  doctrine  which 
Flameteed  did.  But  when  we  find  that  others,  as  Halley, 
David  Gregory,  and  Cotea,  at  once  not  only  saw  in  the 
doctrine  a  eource  of  true  formuJH!,  but  also  a  magnificent 
physical  discovery,  we  are  obliged,  I  think,  to  make 
Flainsbeed,  in  this  respect,  an  os.eeption  to  the  first  class 
of  astronomers  of  his  own  time. 

The  suggestion  that   thu    luinual  eQuatiuns    fur    the 
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corrections  of  the  lunar  ajTOgee  and  nodo  were  coUoctetl 
from  Flftmstecd's  tables  and  olworvationR  iDtlopendentlj  of 
their  suggestion  by  Newton  as  the  rwiilta  of  Theory 
(^Siijtp,  p.  (i92  note,  and  p.  698),  sppeare  to  me  not  to  be 
ade(|uatcly  eupportod  by  the  evidence  given, 

(k.)  p.  217.  Mr.  Baily  [Sufp.  p.  702)  says  that 
Mayers  NouPcUes  Tablet  de  la  Lteno  in  1753,  published 
upwards  of  ftfty  years  after  Gregory's  Antroaomi/,  nmy  Ue 
considered  as  the  ftrst  lunar  tiibWs  fomioii  soh'li^  on  New- 
ton's principles.  Though  Wright  in  1732  publised  New 
and  Correct  Tables  of  t?ie  Lunar  Motmi»  according  to  tho 
NtKionian  Theory,  Newton'g  rules  were  in  tbcm  only  par- 
tially adopted.  In  173^  Leodbetter  publtshed  his  Uranos- 
eopia,  in  which  thoae  rules  were  more  fully  followed.  But 
th^c  Nowtanian  TabUi  did  not  supersede  FlamsLeod'e 
Horroxian  Tables,  till  both  were  supplanted  by  those  of 
Mayer. 

(l.)  p.  SSI.  The  impTovement  of  tho  Tables  of  the 
•Sun,  Moon,  and  Planets,  lias  gone  on,  subsciuently  to 
the  time  referred  to  in  the  text.  In  1812  Burckhardt'A 
Tal/lei  <k  la  Litne  were  published  by  the  Bureau  dee 
Longitudes.  A  comparison  of  these  and  Burg'a  with  & 
conaiderablo  numlwr  of  observations  gave  Q-lOtlths  of  a 
siH'und  an  the  mean  error  of  the  former  iti  the  Moon^a 
longitude,  wliile  the  mean-error  of  Burg's  was  13-lOOths. 
The  preference  was  thorofore  accorded  to  Burckhardfa. 

Yet  the  Lunar  Tables  were  etill  as  much  ae  30 
st'conds  wrong  in  single  obsorvatione .  This  oiroum- 
stance,  and  Laplace's  expressed  wish,  induced  the  French 
Academy  to  offer  a  prize  for  a  complete  and  purely  theo- 
retical determination  of  the  lunar  path,  instead  of  a 
detonninatinn  resting,  aa  luthotto,  partly  upon  theory  and. 
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partly  upon  obBcrvatitmB.  In  1 820,  twu  prize  essup 
appeared,  the  one  by  Damoboau,  the  other  by  Plujia  and 
Cflrlini.  And  some  time  afterwards  (in  1S24,  and  ag;ai]i, 
182S)  DanioiBcau  publielied  Tables  de  la  Luns  fona^es 
la  t€tUe  T/cisorw  d" Attraction.  These  agree  very 
closely  with  obaervatiitn.  That  we  may  form  Bome  notion 
of  the  complexity  of  the  problem,  I  may  state  that  the 
lon^tudc  of  the  Moon  Ib  in  these  Tabloa  affected  by  no 
fewer  than  47  ftjirations  ;  and  the  other  quantities  which 
determine  her  place  are  subject  to  inequalities  not  much 
leu  in  number. 

It  is  proper  to  mention,  distinctly,  however,  that  there 
remain  o'lte,  perhaps  t7Po^  unexplained  discordances  between 
the  theory  of  universal  gravitation  and  the  observed 
motions  of  the  Sun,  Moon  and  Phmeta. 

The  doubtful  unexplained  phenomena  \b  n  suppoeed 
Equation  of  the  Moon  of  long  period.  It  had  been  suii- 
posed  by  Burg,  that  in  order  to  make  the  Tables  of  the 
Moon  agree  n-ith  the  observations,  it  was  necessary  to 
recognize  an  equation  of  which  the  period  wae  about 
180  years,  and  the  maximum  15  seconds.  It  had  been 
imagined  alao  that  this  inequality  in  the  Moon's  motion 
might  be  exj/lai/ied  by  the  unequal  attraction  of  the 
Northern  and  Southern  hemispheres  of  tlie  earth,  arising 
from  its  irre^lar  fonn.  But  Poiason  shewed  that  accord- 
ing to  theory,  the  coefficient  of  such  an  ineq^uality  could 
tnot  amount  to  a  hundredth  of  a  second.  This  explanation 
of  the  supposed  inequality  therefore  fails;  attd  the  eame 
18  the  case  with  other  explanations  which  have  been 
Attempted.  But  new  light  may  be  expected  to  be  thrown 
upOD  the  quMtion  of  the  cxbtonce  of  this  inequality,  when 
1  the  reduction  of  the  Lunar  Observations  and  their  oom- 
B        VOL.  H.  X 
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pari»m  witli  Theory,  now  going  on  at  Greenwich  Obeerva 
torj,  undur  the  direction  of  the  Astronomer  KoyaJ,   »b 
have  bpen  carried  nearer  to  its  completion. 

The  other  deviation  of  observation  from  the  theor 
occurs  at  the  very  extremity  of  the  Solar  System,  and  it 
existence  appeare  to  bo  beyond  doubt.  Ur&nita  does  ne 
confomi  to  tho  TabloB  calculateil  for  him  on  thv  theory 
of  gravita-tion.  In  1821.  Bouvard  said  in  tho  Preface 
to  the  TablCiS  of  this  Planet,  "  Tlic  formation  of  these 
Tables  ofFigr  to  ub  this  altomative,  that  we  cannot  satief 
modem  obaervationB  to  tlie  reqiiisito  degree  of  precisen* 
without  making  out  Tables  deviate  from  the  aneicnt  obscr-' 
vations.^'  But  hiaring  done  tiue,  there  is  Btill  a  discord^ 
ance  between  the  Tables  and  the  more  modem  obser- 
vations, and  this  discordance  goes  on  increasing.  -^4^| 
present  the  Tabica  make  tho  Planet  come  upon  the 
meridian  about  8  socondB  later  than  he  really  tloi^s.  Thia 
discrepance  has  turned  the  thqughta  of  astronomers  to 
the  effects  which  would  result  from  a  planet  external  to 
Uranus.  It  appears  that  the  oheervcd  motion  would  be 
explained  by  HUppoaing  a  planet  at  twice  the  distance  of 
Uranus  from  the  Sun  to  exerciBe  a  disturbing  force*  ant 
it  is  found  that  the  present  longitude  of  this  disturbii 
body  must  be  about  326  degrees  (Le  Verrier,  Ccinf 
Eendiig,  Jan.  1,  18-4-6,  and,  as  I  am  informed  by  the  Astr 
nomer  Royal,  Mr.  Adams,  of  St.  John's  College^  Ca 
bridge,  have  both  amvci  independently  at  thia  result). 

(m-)  p.  241.      It  is  however  worthy  of  record  thattfaf 
discovery  of  the  new  plancte  was  not  altogether  accidenta 
or  at  least  not  unexpected,      The  German  astionomora' 
had  long  anticipated  that  a  planet  would  be  found  betwwpo 
Mars  and  Jupiter,  on  the  gronnil  of  the  follouing  )ni 
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first  (liBcovurttd  by  Bnilc  of  Berlin.  The  mean  <iiEitu.ni>i^4 
from  the  Sim,  of  the  planets  Mercurj',  Venus,  iho  Earth. 
Mars,  Jupit^er,  Saturn,  Uranua,  are  respectively  as  the 
numbers  4,  7,  10,  Ifi,  52,  l(H\  196,  which  do  not  follow 
any  rcgukrkw.  But  if  we  suppose  that  there  is  between 
Mars  and  Jupiter  a.  pL&net  whose  mean  rlistanoe  ia  28,  we 
have  the  numbers  4,  7-  10,  16,  28,  52,  3  00,  196.  And 
if  we  t^kc  the  quccesRit'e  differences  of  these  numbers, 
they  are  3,  3,  6,  12,  24,  48,  Hfi  ;  when  each  difference 
aher  the  first  two  is  double  of  the  preceding.  On  the 
strength  of  this  kw  the  German  astronomers  wrote  On 
tie  long-exfeded  Planet,  and  formed  theniselYea  into  aJi 
association  for  its  discovery- 

(n.)  p.  242.  Since  the  publicaliob  of  the  First 
Edition,  and  indeed  very  recently,  another  small  planet 
hga  been  diacovered,  which  appoars  undoubtedly  to  belong 
U>  the  same  group  as  Ceres.  Pallas,  Juno  and  Veata.  It 
lias  been  named  Astrcca  by  Professor  Encke  of  Berlin, 
who  pursued  it  in  its  course  after  it  had  been  first  dis- 
covered and  announced  by  Mr.  Hencke,  a  zealous  astrono- 
mical obwrver  at  Driesen,  on  the  evening  of  Dec,  S,  1845. 
Ita  orbit  appears  to  be  very  near  those  of  the  other  four 
aniall  planets;  and  its  intersections  with  the  planes  of  the 
orbits  of  the  others  occur  in  the  saiuo  constellations,  the 
Virgin  and  the  Whale,  which  hiul  already  been  found  to  be 
the  places  where  the  planes  of  the  other  orbits  intersect. 
It  may  ajipear  that  Astrrear  ought  to  have  been  sw-n  by 
Olbers  in  his  search  of  these  regions  of  the  heavens,  men- 
tioned in  the  text,  p.  241.  But  the  Star-maps,  executed 
according  to  the  proposal  mentioned  in  p.  21*5,  enable 
^  utronomera  to  execute  a  nioro  rigorou.s  scrutiny  of  the 
^^     dues  than  was  before  passible.     The  orbit  of  Aatirea  has 
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been  culculated,  and  the  planet  conforms  to  tbc  Tables 
resulting  from  tluB  calculation  with  ss  mucli  exactness  an 
could  be  expected-  A  greater  degree  of  agreement  between 
theory  and  observation  may  be  expected  whea  the  effect 
of  tlio  larger  planets  in  disturbing  the  motion  of  the 
emaller  ones  liaa  been  taken  into  aceount.  ^^| 

(o,)  p.  244.  In  speaking  of  Halley's  Synopsis  Astra-  ' 
n(ymie(sCatnetie<Bf'Dv\ambre  Buys  (Ast.xvui.  Su'cl^,  p.  130), 
"  Voila  bien,  depuitt  Kepler,  ce  qui  on  a  fait  de  plus  grand, 
de  plus  beau^  de  plus  netdf  en  aetronomie.^  Halley,  in 
predicting  the  comet  of  1758,  bhjb,  if  it  returne,  "  Hoc 
primum  ab  homing  AngLo  inveiltuin  fuisse  DOa  inlici&bitur 
aequa  posteritas/' 

(p.)  p.  246.  A  third  Comet  of  short  period  was  dis- 
covered by  Faye,  at  the  Obaervatory  of  Paria,  Nov.  ^2, 
1843.  it  is  included  between  the  orbits  of  Murs  and 
Saturn,  and  its  period  ie  seven  year»  and  three  tenths. 

This  iiB  commonly  called.  Faifis  Count,  as  the  two 
mentioned  in  the  text  are  called  Enckeg  aoid  BUUCs.  In 
the  former  edition  I  had  expressed  my  assent  to  the  rule 
proposed  by  M.  Arago,  that  the  latter  ought  to  be  called 
Gamfmrt's  Comet,  ia  honour  of  the  astronomer  who  first 
proved  it  to  revolve  round  the  Sun.  But  as.tronomera 
in  general  have  used  the  formor  namet  conaidering  that 
the  discovery  and  observation  of  the  object  ore  more  dis- 
tinct and  conspicuous  merits  than  a  calculation  founded 
upon  the  obacrvationa  of  Others.  And  in  reality,  Biela 
had  great  merit  in  the  discovery  of  his  Comet's  periodioitj, 
having  set  about  his  search  of  it  from  an  anticipation  of 
its  return  founded  upon  fornxt-r  obaervatione. 

Also  a  Cornet  was  discovered  by  De  Vice  at  Rome  on 
Aug.  22^  1844,  which  was  found  to  deHciibe  an  ellipttCAl 
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orbit  liavtng  lU  aphelion  noar  the  orbit  of  Jupiter,  wliich 
IB  euneequentlj  one  of  thcee  of  short  period.  And  in 
the  present  year  (Feb.  26,  IStf!)  M.  Brorsen  of  Kiel  dia- 
oovered  a  toieacopic  Comet  whose  orbit  is  found  to  be 
eUipticaJ. 

M.  de  Humboldt  (KoatHOt^  p,  116)  speaks  of  nine  re- 
tumH  of  Halloy's  Comet,  the  comet  observed  in  China 
in  1378  being  identified  with  tliie.  But  whether  we 
take  137y  or  1380  fwr  the  appearance  in  that  century, 
if  we  begin  with  that,  we  have  only  gecm  appearanevfi, 
namely  in  137S  or  1380,  in  Use,  in  1531,  in  1607, 
in   16»2,  in  17-5d,  and  ia  1835- 

It  results  from  the  theory  of  universal  gravitation, 
that  Comets  are  collections  of  extremely  attenuated  matter. 
Irtxell's  m  supposed  ft>  have  psBsed  twice  (in  1767  and 
1779)  through  the  ej-atcm  of  Jupiter's  Satellites,  with- 
out disturbing  thoir  motiona,  though  suffering  itself  bo 
great  a  dieturbanco  as  to  have  lia  orbit  entirely  altered. 
The  same  result  is  still  more  decidedly  prov4>d  by  the  laet 
appearanee  of  BielaV  Comet.  It  appeared  double,,  but  the 
two  bodies  did  not  perceptibly  affect  each  other  s  motions, 
as  I  am  informed  by  Prof^sor  CL-ollig  of  Cambridge,  who 
observed  both  of  them  from  Jan.  23  to  Mar.  25,  1846. 
This  proves  the  quantity  of  matter  in  each  boily  to  have 
been  exceedingly  small. 

(^)  p.  SSI.  I  ought  not  to  omit  another  class  of 
phenomena  In  which  the  effects  of  the  Earth's  Oblatenee*, 
acting  according  to  the  law  of  universal  gravitation,  have 
Hiatlifeet^d  themselvea; — I  Bpeab  of  the  Moons  Motion, 
affected  by  the  Earlh'K  Ellipticity.  In  this  case,  as  in 
■t  others,  observation  anticipated  tbi-ory.  Mason  had 
inferrtd  fiom  lunar  obsorvationB  a  certain  Inequality,  in 
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Longitudu  (I L-|ftiddiiig  upun  the  diatajice  of  thv  M< 
Nod«  fnim  the  Equinox.  Doubts  were  eotertained 
astronomers  whether  this  inequality  really  uxietei]  ;  baf 
Laplace  showed  that  such  an  mequniity  w&uM  arise  from 
the  oblate  form  of  the  earth ;  and  that  its  uiagnitade 
might  Bcrve  to  determine  tho  antount  of  the  ublateneea. 
Laplace  eliQwtid,  at  the  entun  time,  that  along  with  thie 
Inequality  in  Longitude  there  niust  be  an  Inecjualiiy  in 
Latitude ;  iind  this  assertion,  Burg  confiruiuKi  hy  the  dis- 
cueeion  of  obscrvitions.  The  two  Inecjualities,  an  she 
in  the  observations,  agree  in  iLseigning  it)  the  earth's  fui 
an  Ellipticity  of  l-305th. 

(b.)  p.  252.  '■'  Cavendieh'ft  Experimunf"  to  dct« 
mine  the  density  of  the  earth  hiis  been  re|>eate<]  recent 
by  Prof.  Reich  at  Freiberg,  and  by  Mr-  Baily  in  England, 
with  great  attention  to  the  means  of  attaining  accuracy. 
Prof.  Reich'e  result  for  the  density  of  the  earth  is  5,14. 
Mr,  Baily's  ia  .5,92.  Cavendish'e  result  was  -5,48;  ac- 
cording to  Hutton's  revision  of  the  CAleulations  it  becan 
5,32 ;  but  this  revision  is  iaaceurate,  as  Mr.  B^ily  It 
shown.  On  being  again  revised  by  Edward  Schmidt,  th« 
result  is  5,52.  I  quote  this  latter  result  from  M. 
Humboldt,  ^osmon,  p.  424. 

(ff.)  p,  259,    That  there  ^I'ould  b«,  in  the  tidal  nio^ 
nionta  of  the  ocean,  inequalities  of  the  heights  and  time 
of  high  and  low  water,  wrrespondintf  to  those  which   tl 
■equilibrium  th^jory  gives,  could  be  eonsidered  only  m 
conjecture,  till  the  comparison  with  obetorvation  was 
It  was,  however,  a  natural  eonjeeture:  since  tliv  watdrs 
thii  oeeati  lire  at  evory  moment  tendtnff    to  acquire  the' 
fnnti  Hssnnted  In  the  equilibrium  theory:  and  it  timv  be 
coneidered    likely    that    the   eaust*  whieh    prevent  th* 
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iissuniiiig  this  form  ftroduce  an  effect  nearly  constant  hf 
each  plact'.  Whatever  be  thought  of  thie  reaaoning,  the 
conjeettiw  ih  eoafirmetl  by  obsorvatlon  with  curious  eitact- 
iiosa.  The  laws  of  a  gr^mt  number  of  the  tidal  phenomena, 
luunaly  of  the  Somi-mcneual  Inequality  of  the  Heights,  of 
the  Semi-mensual  Inequality  of  the  Times,  of  the  Diurnal 
Ine(^aaUty,  of  the  ofifcct  of  the  Moon'a  Declination,  of 
tlie  effect  of  the  Moon's  Parallax ;  are  representred  very 
c^IoKely  by  formulae  derived  from  the  equilibrium  theory. 
The  hyiirodynamioiil  mode  of  treating  the  eubject  hju 
not  atlded  luiything  to  the  knowledge  of  the  lawe  of  the 
jihenomena  to  which  tho  other  view  had  conducted  ua. 
Wf  may  add,  that  Laplace's  assumption  that  in  the 
moviag  Huid  tho  motiona  must  have  a  periodicity  coc^ 
responding  to  that  of  the  forces,  is  al^o  a  conjecture. 
And  though  this  conjecture  may,  in  Bomo  caaee  of  the 
problem,  be  verified,  by  substituting  the  reaiilting  expres- 
sions in  the  eiuatiooH  of  motion,  this  cjumot  be  done  in 
the  actuai  cose,  where  the  revolving  motion  of  tho  ocean 
is  prevcrtcJ  by  tho  intrusion  of  tracts  of  Jrtnd  running 
nearly  from  pole  to  pole.  I  am  not  aware  that  for  such  a 
csBK,  anything  haa  been  done  to  bring  the  hydrodynamical 
theory  of  oceanic  tides  into  agreement  with  observation. 

Wjth  risfercnce  to  the  Ilapg  of  Cotidal  lin«t,  meo- 
tioni'd  in  the  toxt,  I  niAy  add,  that  we  are  a«  yet  dratitute 
of  obeenationB  whiuh  should  supply  the  means  of  drawing 
j;ucb  lines  on  a  large  sa&Xe  in  tho  PaciHc  Ocean.  Admiral 
Lijtke  has  however  supplied  us  with  some  valuable  mate- 
rials and  remarks  on  tins  subject  in  his  N^otico  mr  l& 
MaKe*  I't'/ialiqui^  dniig  h<  prnnd  (hv/tn  Jir^ntal  ti.  lUinr  /•■ 
Mer  Glaciati' i  a,n\\  hiut  drawn  lliiiu.  apjianintly  on  sufli- 
uiont  data,  in  lhe  White  Sea 
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(t.)  p.  271.     In  calculating  the  orbit*  of  revolvic 
systema  of   double  etars,  there  is  a   peculiat  difficulty," 
arising  from  tbo  plane  uf  the  orbit  being  iii  a  [>ositic 
unknown,  but  probably  oblique,  to  the  vbtual  r&y.     Httnc 
it  coraee   to  pssB  that  even  tf  the   orbit  be  an  ellipaa| 
described  ubout  the  focus  by  the  laws  of  planetary  mc 
lion,  it  will    appear  otherwise,    and  the    true  orbit 
have  to  bo  deduced  from  the  appiiTOut  one- 

With  regard  to  a  difficulty  whicli  baa  been  mentioned, 
that  the  two  stars,  if  they  are  governed  by  gravity,  wiU^J 
not  revolve  the  one  about  the  other,  but  both  about  their " 
common  center  of  gravity ; — this  circumstance  adds  littla^y 
difficulty  to  the  problem.  NoH'ton  has  Bbown  (/'rinn^.^l 
lib.  1,  Prop.  61)  in  ihepro6iem  of  tKo  (^odiet,  the  relatioD 
between  the  relative  orbits  and  the  orbtt  about  the 
men  center  of  gravity. 

How  wanif  of  lite  apjiarentl^  double  niara  Aaoe  orbUiudl 
motions  f    Sir  John  Herschel  in  183ij  gavt;,  in  his  Jatro*! 
Aomy^  (Art.  606,)  a  list  of  nine  Btare,  with  periods  t^xtenc 
ing  from  43  years  ^tj  Coronar)  to  1200  years,  (-/  Leonis,) 
which  he  prcseDted  as  the  chief  results  then  obtained  in'' 
thia  department.      In  his  work  on  Double  Stars,  the  ftxdt 
of  hts  labours  in  both  hemiepherea,  which   the   astroncw^l 
micaJ  world  are  looking  for  with  eager  expectation,  he  will,      ' 
1  believD,  have  a  few  more  to  add  to  these. 

Is  ii  well  calabiiihed  that  such  double  «tan  attract  eac 
otfuir  according  Co  the  law  0/  the  ianersif  square  0/  the  dis 
toMe  f    The  amwer  to  thifi  question  must  be  detenaing 
by  ascertaining  whether  the  above  caavo  are  regulated  by ' 
the  laws  of  elhptical  motion.      This  is  si.  matter  wbieh  it 
niuet  require  a  long;  course  of  (^a^O'ful  observation  to  dtj- 
ttirmine  in  such  a  number  of  caflee  as  to  pi-ovu  the  ui 
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versalily  of  tlie  rule.      Perhaps  the  minds  of  asti*onoDier8 
are  still  in  suBpcnee  upon  tho  subject.     But  I  believe  I 
may  venture  to  say  tbat  when  Sir  John  Hcrschel's  work 
shall  appear,  it  will  be  ruiinil  that  with  regard  to  some 
of   tbeae  etare,  and   7  Virginis   in    ija-rticular,  the  con- 
formity of  the  observations  with    the  laws  of  elliptica.) 
motion  amounts  to  a    degree   of  oxactness   which  must 
give  astronomers  an  irresistible  conviction    of  the  truth 
of  the  law.     For  since  Sir  W.  Her&chel's  firet  measures 
in  178],  the  aro  described  by  one  star  about  the  other 
is  above  305  degrees;  and  during  this  [>eriod  the  angular 
annunl   motion    ha*    been  very  various,    parsing    through 
all   gradations  from  about    20   minutes    to    SO  degrees- 
Yet  in  the  whole   of  this  change,  the  two  curves  con' 
structed,  the  one  fn>m  the  observations;,  the  other  from 
the  elliptical  elements,  for  the   purpose  of   comparison, 
having  a  total  ordinate  of  30.5  parte,  do  not,  in  any  part 
of  their  course,  deviate  from  Qach  other  so  much  as  tioo 
s«ch  parte. 

(u.)  p.  273.  Littrow,  in  his  Die  Wunder  des  Him- 
nuls.  Ed.  2.  pp.  684,  6S5,  says  that  Gascoigno  invented 
and  u«ed  the  teleecv'pe  with  wires  in  the  common  focus 
of  the  lenses  in  1640.  Ho  refers  to  Pkil.  Trait*,  xxx. 
603-  Picard  reinvented  thia  arrangement  in  1667.  1 
have  alreiuly  epoken  of  Gaecoigno  as  the  inventor  of  the 
micrometer. 

Kdmcr,  (already  mentioned,  p.  263)  brought  into  usu 
the  Transit  Instrument,  and  the  employment  of  complete 
Cirdes  instead  of  the  Quadrants  used  till  then,  and  by 
these  means  gave  to  practical  astronomy  a  new  form, 
uf  which  the  full  value  was  not  di»covei*ed  till  long  after- 
wards.     LiUrowK   Note. 
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(v.)  p.   275.      In   tliB  series    f>i"  these    great    astt 
iwiiiical  mechanists,  wc  must  also  reckon  George  Reichen- 
bucli.    He  wad  burn  Aug.  24*  1772,  at  Durlach ;   becaaie^ 
Lieutenant  ol' Artilkrj'  in  the  Bavarian  Senice  in  1794>;^V 
(.Salincnrntli)  CoinmisaionGr  of  Siill^works  in  J811  ;    aud 
in  1820,  First  Commieeioner  of  Water-works  and  Roads. 
He  became,   with   Fraunhofer.  tlic  ornament  of  the  me- 
chaniciil  and   optieal    Institute  erected  in  1S05  at  Beno- 
(lictbeueni  by  Utzechneidcr :  atid  his  aetronomicat  inetm^f 
uteiitB,  meridian  circles,   transit  instnimeata,   equatoriak. 
helionietore,    make    an    opoeh    in    Observing  Astronomy. 
Hts  contrivances  in  the  Salt-worlta  at  Berchtorgadfn  nad 
Iteichcnhall,  in  the  Amie  Manufactory  at  Amberg,  and 
iit  ttie  Works  for  boring  cannoD  at  Vienna,  are  oniiuriog 
monuments   of  his    rare    mechanical    talent.       Ho    died 
May  21,  1S2(>  at    Munich.      Lktrew's  !^ote.  h 

('w.)  p.  280.  Joseph  KriuDhofer  was  born  March  6iV 
1787.  at  Straubing  in  Bavaria,  the  son  of  a  poor  glazier. 
He  was  in  his  itarlier  years  employed  in  liia  fatlicr's  trade, 
80  that  he  was  not  able  to  attend  school,  and  remained 
ignorant  of  writing  and  arithmetic  till  his  fourteenth  year. 
At  a  later  period  he  was  assisted  by  Utzschneider,  aud  tried 
rapidly  to  recover  his  lost  ground.  In  the  year  ISOti  be 
entered  the  establishment  of  Ufaschneidor  aa  an  Optician. 
In  this  L'Stablishiuent  (transferred  From  Benedictbeucrn  to 
MuniL'h  in  1S19)  he  booH  came  to  be  tlie  greatest  Optician 
(if  Germany.  His  excellent  telescopes  and  microscopes 
are  known  throughout  Europe.  His  greatest  telescope, 
that  in  the  Obeervatorj'  at  Dorpat,  has  an  object-ghu*  <>f 
;»  inches  diameter,  ;mil  a  fotial  length  of  IS'^  feet.  11  ia^ 
written  prodiietions  are  to  be  found  in  ihe  Ultfooir^  of  th^| 
Havniian  ACridcmy,   in   Gilbert'"  Anitahm  tier  Ph;i»ik^  aofl 
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ill  Schuoiachcr's  Aetrononmc/w  Nackrichicn-      Hu  died  thr 
7th  of  June,  1 826.      Littruto's  Note. 

(x.)  p.  284.  I  Iiave  left  the  Btatcmunt  of  publisht^l 
Observations  iu  the  tex-t  as  it  etooil  originaUy.  I  believe 
that  at  present,  the  twelve  places  contained  in  tho  fo3lt>w- 
ing  list  publish  th&ir  Obeervatione  quite  regularly,  op 
nearly  so  ; — Greonwich.  OxforU,  Cambridge,  Vienna,  Ber- 
lin, Dorpit,  Munich,  Gt-ni'va,  Paria,  Kcimggborg,  Miidrufl, 
ihe  Cap«  of  Good  Hope. 

Littrow,  in  his  traiislatlun.  adds  to  the  publicn.tionB 
iiotiued  in  the  text  as  cootaining  astronomical  Observa- 
tions, Zach'e  MotiaiUdiP  L'orTVSjk/ndenz,  Limlonau  axid 
Bohaenberg<ir^8  Zeitschrift  fur  Astronomie.  Bode's  Aatru- 
mmUckes  Jahrhteh,  Schumacher's  Astronamiseki  Nach- 
nchtm. 

(y.)  p.  2H7.  1  may  notice  among  instances  of  the 
Ihalronage  of  Astronomy,  tho  reward  at  present  offered 
by  the  King  of  Denmark  for  the  discovery  of  a  Comet. 

(z.)  p.  2S2.  The  belief  in  an  appreciable  parallax  of 
some  of  the  fixed  stars  appears  to  gain  ground  among 
■etronomers,  Tho  parallax  of  61  G^pni-i  ^  duterminod 
iby  Bessel,  ia  0".34' ;  fiboiit  one  third  of  a  eecond,  ur 
I-IOOOO  of  a  dtgreo.  That  of  a  Cmfauri,  as  determined 
by  Mack'ar,  is  0",!),  or  1-4000  of  a  degree. 

(*A.)  p.  295,  Before  Flamateed,  the  beat  Cotalngae 
of  the  Stars  was  Tycho  Bralie's.  containing  the  places  of 
aUmH  100(1  atara,  dotormined  very  roughly  with  the  naked 
fe.  On  the  oci-aeion  of  a  project  of  finding  the  longitude, 
which  was  ofTerod  to  Charles  11.,  in  1674>,  Flanisteoil 
IBprefiented  that  tho  method  waa  quite  UBoless,  in  eorse- 
(|UGncLS  among  other  tiling.^,  ni  the  iuatcuracy  of  TyuhiVf 
plai't'fi    of  the   stars.      Klamatoed'g    letters   being    shown 
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King  Charlce,  he  was  stiirtled  at  the  afieertion  of  the  fixad 
stars'  places  being  fulsc  in  the  catalogue,  and   said  witJifl 
some  vehemence,   "  He  must  have  them  anew  observed, 
examined,  and  oorreotcd,  for  the  ubg  of  his  Beamen."    Thia, 
yiiOB  the  iniDiudiato  occasion  of  building  Greenwit'b  Obeei 
vatory,  and  pkciag  Flamsteed  there  &s  observer.      Flara- 
eteod'd    ilUloria    CeUstis    contained    above    3000    etaT 
obseiTed  with  telcaeopic  Bights.      It  haa  recently  been   re-' 
published  with    important   improvements    by  Mr.  Baily. 
See  Baily's  Flaimteed,  p.  38.  ■ 

The  French  Hiefoire  CHestt!  was  published  In  1801  by 
Lalande,   containing  50,000  stare,  *iiiiply  as  observed  by 
himself  and  other  French  astronomers.      The  reduction  of 
the!  obaorvations  contained  in  thje  Catalogue  to  the  nieanj 
placoB  at  the  beginning  of  the  year  ISOO  may  be  effect 
by  means  of  Tables  publiabed  by  Sehumaoher  for  that' 
purpose  in   1825> 

In  1807,  Piazzi's  Catalogue  of  67*8  stars,  founded  oi 
Maakelyne'a  Catalogue  of  1700,  wits  published;  afterward 
extended  to  7(146  stars  in    181+.     This  ie  considered  as 
the  greatest  work  uuderta.ken  by  any  modem  astronomer; 
the  observattoOB  being  well  made,  reduced  and  compared 
with  those  of  former  OBtronomers.      Piazzi^a  Catalogue 
the  standard    and   accurato   Catalogue,  a«  the  HutoirtX 
CvUite  18  the  atandard  appro.iimate  Catalogue  for  ems 
etarsi.      But  the  new  planets  were  discovered  mostly 
a  conipariBon  of  the  h(.'avtine  with  Bode'e  Catalogue. 

I  may  mention  other  Catalogues  of  Stars  which  have 
recently  been  published.      Pond's  Catalogue  contains  1 1 1 2H 
Northern  stare;   Johnson's    B06;    "Wrottesley's   1318   {in 
Right  AHceiiaion   only)  ;    Aii-yV    Fimt   C'limbrid^e   Cata- 
logiie,  72ti;  hia  Greenwich  Catalogue,  143!).      Pearson') 
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bas  520  zijdiaua.!  stars  -.  GrooriibridgB'a,  4243  clrciini]kolii.i' 
eturs  SiA  far  aa  50  degrees  of  Noith  Polar  di^taiioe; 
Santinrs,  a.  zone  18  dtgrees  North  uf  the  equator.  Be- 
sides these,  Mr-  Taylor  lias  pubiiahed,  by  order  of  the 
Madras  govemmeat.  a  Catalogue  of  I  UiOO  stare  obeerved 
by  him  at  Madraa;  and  Ruiuker,  who  observed  in  the 
Obeervatory  established  by  Sir  Thouiua  Brisbane  at  Para- 
matta, has  conimeniced  a  Catalogue  which  is  to  oontain 
12000,  Mr.  Baily  published  two  standard  Catalogue*; 
that  of  the  RoyaJ  Astronomical  Society,  containing  2881 
stars;  and  that  of  the  British  ABeociation,  containing 
8377  atare,  I  omit  other  Catalogues,  aa  those  of  Arge- 
lander,  &c.,  and  Catalogues  of  Southern  Stars. 

Of  the  Berlin  Maps,  fourteen  houre  in  liight  Ascension 
bave  be«a  published:  And  their  value  may  be  judged  of 
by  thia  circuiUHto^nce,  that  tt  was  in  a  great  measui'e  by 
iH>m[taring  the  heavens  with  these  Maps  that  the  new 
planet  Astra-a,  was  discovered.  The  Zone  obstjrvations 
made  at  KiJnigsberg,  by  tbe  iate  illustrious  astronomer 
B«ssel,  deserve  to  be  mentioned,  ae  embracing  a  vast 
number  of  stars. 

The  common  mmle  of  designsiting  the  stars  is  founded 
upon  the  ancient  constellations  as  given  by  Ptolemy ;  to 
which  Bayer,  of  Augsburg,  in  his  l/ranometriay  added  the 
artifice  of  designating  the  brighteet  stars  in  eaeh  eonstella- 
tion  by  the  Greek  letters,  «,  0,  y,  &c.  applied  in  order 
of  brightness,  and  when  these  were  exhausted,  the  Latin 
letters.  Flamsteed  used  numbers.  Aa  the  number  of 
observed  stars  increased,  various  methods  were  employed 
for  designating  ihem ;  M,nd  the  confueinn  which  has  been 
thus  introduced,  both  with  regard  to  the  boumlaries  of  the 
constellations  and  the  nomenclature  of  the  stars  in  each. 
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has  been  tiiucli  complainetl  of  taloly.    Sioitle  fttteiiipto  havL* 
bmm  made  to  remedy  this  variety  and  diaoi-der.      M.  Aifl 
gelattder  has  racontly  rocorilod  etare,    according  to   their 
magnitudes  ae  eeen  by  the  aakcKi  eye,  in  a  J^eUe  t/ratti>^ 
metrie.  ^ 

Among  reprcBoutationg  of  the  Moon  I  may  nientioii 
HeveliuB'a  Sekn^raphia;  a  work  of  former  times,  and  Be 
and  Miidler'e  Map  oFthe  Moon,  recently  publiehed. 

\^rjl.)  p.  29<i-  A  few  meaeuree  of  double  stars 
to  be  found  in  previous  aetronomicaJ  reuords.  But  l\ 
epoch  of  the  creation  of  tins  part  of  the  science  of  aeti 
noiny  must  be  placed  at  tlia  beginning  of  the  present" 
century,  when  Sir  William.  Hcrsohd  (in  1802)  published 
in  the  Phil.  Traits,  a.  Catalogue  of  5C()  new  nebnl»  of 
vitriouE  claesefl,  and  in  the  Phil.  Trcaa.  1803,  a,  paper 
"On  the  changes  in  the  relative  situation  of  the  Double 
i^tara  in  25  years,"  In  succeeding  papei"B  he  pursued 
the  subject-  In  one  in  1814  he  noticed  the  break- 
ing up  of  the  Milky  Way  in  different  phicest  apparently 
from  Bome  principle  of  Attraction  ;  and  in  this,  and  in 
one  in  1SI7,  he  j.ublifthpil  tho^gc  remnrkable  v'wwa  on  the 
illatribution  of  the  etara  in  our  own  cluster  as  fonning 
A  large  ntratuni,  and  on  the  connexion  of  etars  and 
nebuliG  (the  etara  appearing  Bometimes  to  be  accompanied 
by  nebula?,  eomitliueH  to  have  absorbed  a  part  of  the 
nebula,  and  Bometimes  to  have  been  formed  from  nebula?) 
which  luiivo  been  accepted  and  propounded  by  others  a« 
the  Nebular  T/teort/.  Sir  William  HerBchers  last  paper 
was  a  Catalogue  of  145  new  Double  Stars  oonimuni- 
cated  to  the  Astronomical  Society  in  1822.  In  IS27 
M.  Struve  of  Dorpat,  published  \i\»  C'atalo(fus  Nonis,  con- 
taining the  pt&cCH  of  3112  double  stars.     Whil<e  this 
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^^ijig  oft  Sir  John  Herficbe!  and  Sir  Jiiiues  Soiitli  [lub- 
lished  (in  tliy   PAil.   Trans.   182+)  accurate  measures  of 
380   Double  and   Triple   Stitre,  to    which  Sir  J.   Soutli 
ziftct^viirds  addeil  458.      Mr.  Dunlop  published  iiiea>siirea 
of  253  Southern  Double?  Stars.     Oth«r  Observations  It&vc* 
lieen  published  by  Capt.  Sis^'th,  Mr.  Dnwes,  &c.     The 
grp-it  work  of  8truve,  Menimrfr  Microntetricie..   &c.  con- 
tains 3l3i  such  objects,  including  most  of  Sir  W.  Her- 
achfls  Double  Stars.     Sir  J.  Her^chol  in  182fi,  7  and  S 
presented  to  the  Astronomical  Society  about  lOOO  tneur 
sures  of  Double  Stars;   and  in  IS'iO,  good  nieasurca  of 
1236,   made  with    his    20-reet  reflector.       His  paper  in 
Vol.  V.  of  tho  Ast.  jSoc.    Mum.   besides  measures  of  364 
sach  fitare,  exhibits  all  the  most  striking  results,  as  to  the 
tnotioti  of  Double   Stfira,  which  ha,ve  yet   boen   obtained. 
In  1835  he  carried  his  20-feet  reflector  to  tho  Cape  of 
Grood  Hope  for  tht!  purpose  of  completing  the  survey  of 
Double  Stars  and   Nt^bulee  in  the  jBouthcm  hodiiephere 
with  the  same  inatniments  which  hud  explored  the  nor- 
thern skies,  aa  mentioned  in  page  281.       He    returned 
frowi  the  Cape  in    1833,  and  ii9  about  to  giv^e  the  worhl 
the  resultB  of  his  labours.      Besides  the  stars  just  tueu- 
tioned,  hie  work  will,  I  uiideratand,  contuin  from  1500  to 
^000  additional  double  stars ;  uiakicg  a  groga  number  of 
above  8000,  in  which  of  course  arc  included  a  number 
nlijecta  of  no  gr«at   scieatifie  interest^  but  in  which  also 
are  contained  the  materiale  of  the  most  important  dia- 
coveriea  which  remain  to  be  made  by  astronomers.     The 
publication    of   Sir    John  J-Jerechel's    great    work    upon 
l)i)ubk:  Stars  and  Nebulre  is  look(;d  for  with  eager  int^r- 
i«t  by  astronomin-s. 

OS  the  oljs&rvationa  of  Nebula'  we  may  say  what  has 


just  been  aaiil  of  the  obwjrvatiiojHi  of  DouM?  Stars  ; — - 
that  they  probably  contain  the  mAtenala  of  important 
future  discoveries.  It  is  imposBibEo  not  to  ro^ard  these 
phenomena  with  roforonce  to  the  Ntbular  Hypothmf, 
which  has  been  propounded  by  Laplace,  and  muoh  more 
strongly  inaieted  upon  by  ocher  pereons ; — namely  the 
hypothesis  lha.t  eyet«]ns  of  revolving  planets,  of  which  the 
Solar  System  ie  an  ex&mplof  arise  from  the  graduaJ  con- 
traction and  eeparation  of  vast  maeses  of  nebulous  matter. 
Yet  it  doea  not  appear  that  any  changes  havQ  been  ob- 
BeiTod  in  nebulae  which  tend  to  confirm  this  hypotheris; 
and  the  meet  powerful  telescope  in  the  world,  recently 
erected  by  the  Earl  of  Roai^e,  has  given  results  which 
mihtate  agaioeb  the  hypotheais;  inoflmuch  aa  it  has  shewn 
that  what  appeared  a  diffused  nebulous  maas  is,  by  a 
greater  power  of  viBioo,  resolved,  in  all  cases  yet  examined, 
into  separate  abar&. 

When  astronomical  phenomena  are  viewed  with  refer- 
ence to  the  Nebular  Hypothesis,  they  do  not  belong  bo 
properly  to  Astronomy,  in  the  view  here  taken  of  it,  aa  to 
Cosmogony.  If  aueh  speculations  should  acquire  any 
scientific  value,  wq  shall  have  to  arrange  them  among 
those  which  I  have  called  Paltetiohuical  Sciences;  namely, 
those  Sciences  which  contemplate  the  universe,  the  earth. 
and  itfl  inhnbitantB,  with  reference  to  their  historical 
changes  and  the  causes  of  those  changes. 

t  have,  in  this  note  as  in  other  places,  used  freely 
Professor  Airy 'a  valuable  Report  on  Iftc  Pntpress  of  Aatro' 
vomy  durinff  tJt.6  preaant  Century,  printed  in  the  Reportt  of 
the  British  Association  for  183^2. 
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NoNMVs.  Dwnyiiac.  xli.  27fi- 


Along  the  skiey  arch  the  goddess  trode, 
And  sought  Harmonia's  august  abode; 
The  universal  plan,  the  mystic  four, 
Defines  the  figure  of  the  palace-floor. 
Solid  and  square  the  ancient  fabric  stands. 
Raised  by  the  labours  of  mmnmbered  hands. 


INTRODUCTION. 


Tub  Skconuaby  Mechanical  Sciences. 


IN  Uie  scieoces  of  Meehaoics  and  Physical  Astro- 
nomy, Motion  and  Force  are  the  direct  and 
primary  objects  of  our  attention.  But  there  is 
another  class  of  sciences  in  which  we  endeavour  to 
reduce  phenomena,  not  evidently  mechanical,  to  a 
known  dependence  upon  mechanieal  properties  and 
laws.  In  the  cases  to  which  I  refer,  the  facts  do 
not  present  themselves  to  the  senses  as  raodlH- 
cations  of  position  and  motion,  but  as  secondary 
ffualities,  which  arc  found  to  be  in  some  way 
derived  from  those  primary  attributes.  Also,  in 
these  cases,  the  phenomena  are  reduced  to  their 
mechanical  laws  and  causes  in  a  secondary  manner; 
namely,  by  treating  them  as  the  operation  of  a 
vi€dinw  interposed  between  the  object  and  the 
organ  of  sense.  These,  then,  we  may  call  Scctmdnry 
Mechanical  Sciences.  The  sciences  of  this  kind 
which  require  our  notice  are  those  which  treat  of 
the  sensible  qualities,  Sound,  Light,  and  Heat;  that 
is.  Acoustics.  Optics,  and  Thermotics. 

It  will  be  recollected  tliat  our  object  is  not  by 
any  means  to  give  a  full  statement  of  ail  the  addi- 
tions which  have  been  successively  made  to  our 
knowledge  on  the  subjects  under  review,  or  a  com- 
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plete  list  of  the  persons  hj  whom  such  additions 
have  been  made;  but  to  present  a  view  of  th« 
progress  of  each  of  those  branchGs  of  knowled^ 
as  a  speculative  science; — to  point  out  the  Epochs' 
of  the  discovery  of  those  general  principles  which 
reduce  many  facts  to  one  fact ;  and  to  note  all 
that  is  most  characteristic  and  instructive  in  tbef 
circumstances  and  persons  which  bear  upon  such 
Epochs.  A  historj'  of  any  science,  written  with 
such  objects,  will  not  need  to  be  long;  but  it  will 
fail  in  its  purpose  altogether,  if  it  do  not  distinctly, 
exhibit  some  well-marked  and  prominent  features. 
We  begin  our  account  of  the  Secondary  Mechi 
uical  Sciences  with  Acoustics,  because  the  progres 
towards  right  theoretical  views,  was,  in  factj  made 
much  earlier  in  the  science  of  Sound,  than  in  those 
of  Light  and  of  Heat ;  and  also,  because  a  clear 
comprehension  of  the  theory  to  which  we  are  led  in 
this  case,  is  the  best  preparation  for  the  difficulties 
(by  no  means  inconsiderable)  of  the  reasonings 
theorists  on  the  other  subjects. 
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Prelupf,  to  tup.  Solution  of  Probu-ims  m 
Acoustics. 

IN  some  measure  the  true  theory  of  sound  was 
guessed  by  very  early  speculators  on  the  sub- 
ject: though  undoubtedly  conceived  in  a  very  vague 
and  wavering  manner.  That  sound  is  caused  by 
some  motion  of  the  sounding  body,  and  conveyed 
by  some  motion  of  the  air  to  the  ear,  is  an  opinion 
which  we  trace  to  the  earliest  times  of  physical 
philosophy.  We  may  take  Aristotle  as  the  best 
expounder  of  this  stage  of  opinion.  In  his  Treatise 
On  Sound  and  Hearing,  he  says,  "  Sound  takes 
place  when  bodies  strike  the  air,  not  by  the  air 
having  a|/f>rm  impressed  upon  it^  (<r;^>)HaT(^oMe*'oi',) 
as  some  think,  but  by  its  being  moved  in  a  corre- 
sponding manner;  (probably  he  means  in  a  manner 
corresponding  to  the  impulse ;)  the  air  being  con- 
tracted, and  expanded,  and  overtaken,  and  again 
struck  by  the  impulses  of  the  breath  and  of  the 
strings.  For  when  the  breath  falls  upon  and  strikes 
the  air  which  is  next  it,  the  air  is  carried  forwards 
with  an  impetus,  and  that  which  is  contiguous  to 
the  first  is  carried  onwards ;  so  that  the  same  voice 
spreads  every  way  as  far  as  the  motion  of  the  air 
takes  place." 
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As  is  the  case  with  alt  such  .specimens  oraneieiit 
physics,  (liferent  persons  would  fiiul  in  such  a  state- 
ment very  different  measures  of  truth  and  distinct- 
ness.    The  admirers  of  antiquity  might  easily,  hy 
pressing  the  language  closely,  and  using  the  light  of 
modern  discovery,  detect  in  this  passage  au  exact 
account    of   the    production    and    propagation    of 
sound :  while  others  might  maintain  that  in  Aris- 
totle's own  mind,  there   were  only  vague  notions 
and  verbal  generalizations.     This  latter  opinion  is 
very  emphatically  expressed  by  Bacon'.     '"Tho  col- 
lision or  thrusting  of  air,  whicli  they  will  have  to  be 
the  cause  of  sound,  neither  denotes  the/(wv«  nor 
the  latent  process  of  sound  ;  but  is  a  terra  of  igno- 
rance and  of  superficial  contemplation."    Nor  can  it 
be  justly  denied,  that  an  exact  and  distinct  appre- 
hension of  the  kind  of  motion  of  the  air  by  which 
sound  is  difliised,  was  beyond  the  reach  of  the 
ancient  philosophers,  and  made  its  way  into  the 
world  long  afterwards.    It  was  by  no  means  easy  to 
reconeile  the  nature  of  such  motion  with  obvious 
phenomena.     For  tlie    process    is    not    evident    as 
motion;  shice,  as  Bacon  also  observes",  it  does  not 
visibly  agitate  the  flame  of  a  candle,  or  a  feather,  or 
any  light  floating  substance,  by  which  the  slightest 
motions  of  the  air  are   betrayed.     Still,  the   per- 
suasion that  sound  is  some  motion  of  the  air.  con- 
tinued to  keep  hold  of  men's  minds,  and  acquired 
additional  distinctness.     The  Illustration  employed 
'   H'uUiria  Stmi  ci  A  uilUus,  vol.  \x.  p.  68.  "  Ibid. 
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by  Vitruvius,  in  the  following  passage,  is  even  now 
one  of  the  best  we  can  offers  "Voice  is  breath, 
flowing,  and  made  sensible  to  the  hearing  by  strik- 
ing the  air.  It  moves  in  infinite  circumferences  of 
circles,  as  when,  by  throwing  a  stone  into  still 
water,  you  produce  innumerable  circles  of  waves, 
increasing  from  the  center  and  spreading  outwards, 
till  the  boundary  of  the  space,  or  some  obstacle, 
preyents  their  outlines  from  going  further.  In  the 
same  manner  the  voice  makes  its  motions  in  circles. 
But  in  water  the  circle  moves  breadthways  upon  a 
level  plane ;  the  voice  proceeds  in  breadth,  and  also 
successively  ascends  in  height." 

Both  the  comparison,  and  the  notice  of  the  dif- 
ference of  the  two  cases,  prove  the  architect  to 
have  had  very  clear  notions  on  the  subject;  which 
he  further  shows  by  comparing;  the  resonance  of 
the  walls  of  a  building;  to  the  disturbance  of  the 
outline  of  the  waves  of  water  when  they  meet  with 
a  boundary,  and  are  thrown  back.  "  Therefore,  as 
in  the  outlines  of  waves  in  water,  so  in  the  voice,  if 
no  obstacle  interrupt  the  foremost,  It  dopf  not  dis- 
turb the  second  and  the  following  ones^  so  that  all 
pome  to  the  ears  of  persons,  whether  high  up  or  low 
down,  without  resonance.  But  when  they  strike 
against  obstacles^  the  foremost,  being  thrown  back, 
disturb  the  lines  of  those  which  follow."  Similar 
analogies  were  employed  by  the  ancients  in  order 
to  explain   the   occurrence   of  echoes.     Aristotle 

'  De  Arch.  t.  3. 
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says*,  "An  echo  takes  place,  when  the  air,  being  as 
one  body  in  consequence  of  the  vessel  which  bounds 
it,  and.  being  prevented  from  being  thrust  forwafds, 
is  reflected  back  like  a  ball."  Nothing  material  was 
added  to  such  views  till  modern  times. 

Thus  the  first  conjectures  of  those  who  philoso- 
phized concerning  sound,  led  them  to  an  opinion 
concerning-  its  causes  and  laws,  which  only  required 
to  be  distinctly  understood,  and  traced  to  mecha- 
nical principles,  in  order  to  form  a  genuine  science 
of  Acoustics.  It  was,  no  doubt,  a  work  which  re- 
quired a  long  time  and  sagacious  reasoners,  to 
supply  what  was  thus  wanting;  but  still,  in  conse- 
quence of  this  peculiar  circumstance  in  the  early 
condition  of  the  prevalent  doctrine  concerning 
sound,  the  history  of  Acoustics  assumes  a  peculiar 
form.  Instead  of  containing,  like  the  liistory  of 
Astronomy  or  of  Optics,  a  series  of  general izations^ 
each  including  and  rising  above  preceding  gene- 
ralizations; in  this  case,  the  highest  generalization 
is  in  view  from  the  first ;  and  the  object  of  the 
philosopher  is  to  determine  its  precise  meaning  and 
circumstances  in  each  example.  Instead  of  having 
a  series  of  inductive  Truths,  successively  dawning 
on  men's  minds,  we  have  a  series  of  Explanation)^ 
in  which  certain  experimental  facts  and  laws  are  re- 
i2onciled,  as  to  tbeir  mechanical  principles  and  their 
measures,  with  the  general  doctrine  already  in  our 
possession,     Instead  of  having  to  travel  gradually 

*  De  AviviA,  ii.  0. 
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"towards  a  great  discovery,  like  uniTersal  gravita- 
tion, OP  luminiferous  undulations,  we  take  our  stand 
upon  acknowledged  truths,  the  production  and  pro- 
pagation of  sound  by  the  motion  of  bodies  and  of 
air;  and  we  connect  these  with  other  truths,  the 
laws  of  motion  anil  the  known  properties  of  bodies. 
as,  for  instance,  their  elasticity.  Instead  oi  Epochg 
of  Di»coTe7-y,  we  have  Soltiiimis  of  Problems :  and 
to  these  we  must  now  proceed. 

We  must,  however.  In  the  first  place,  notice  that 
these  Problems  include  other  subjects  than  the 
mere  production  and  propagation  of  sound  gene- 
rally. For  such  questions  as  these  obviously  occur: 
— what  are  the  laws  and  cause  of  the  differences  of 
sounds; — of  acute  and  grave,  loud  and  low,  con- 
tinued* and  instantaneous ;^ — and,  again,  of  the  dif- 
ferences of  articulate  sounds,  and  of  the  quality  of 
different  voices  and  different  instruments?  The 
first  of  these  questions,  in  particular,  the  real 
nature  of  the  difference  of  acute  and  grave  sounds, 
could  not  help  attracting  attention ;  since  the  dif- 
ference of  notes  in  this  respect  was  the  foundation 
of  one  of  the  most  remarkable  mathematical  sci- 
ences of  antiquity.  Accordingly,  we  find  attempts 
to  explain  this  difference  in  the  ancient  writers  on 
nmsic.  In  Ptolemy's  Narniomcs,  the  third  Chapter 
of  the  first  Book  is  entitled,  "How  the  acuteness 
and  gravencss  of  notes  i.s  produced;"  and  in  this, 
after  noting  generally  tlie  difference  of  sounds,  and 
the  causes  of  diifl^rence,  (which  he  states  to  be  the 
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force  of  the  striking  body,  tho  physical  constitution  of" 
the  body  struck,  and  other  causes,)  he  comes  to  the 
conclusion,  that  "the  things  which  produce  acute- 
ness  m  sounds,  are  a  greater  density  and  a  smaller 
size ;  the  things  whirh  proifluce  graveness,  are  a 
greater  rarity  and  a  bulkier  form."  He  afterwards 
explains  this  so  as  to  include  a  considerable  portion 
of  truth.  Thus  he  says.  "That  in  strings,  and  in 
pipes,  other  things  remaining  the  same,  those  which 
are  stopped  at  the  smaller  distance  from  the  bridge 
give  the  most  acute  note;  and  in  pipes,  those  notes 
which  come  through  holes  nearest  to  the  mouth- 
hole  are  most  acute."  lie  even  attempts  a  further 
generalization^  and  says  that  the  greater  acuteness 
arises,  in  fact,  from  the  body  being  more  tense ;  and 
that  thus  "hardness  may  counteract  the  eft'ect  of 
greater  density,  as  we  see  tiiat  brass  produces  a 
more  acute  sound  than  lead."  But  this  author^s 
notions  of  tension,  since  they  were  applied  so  gene- 
rally as  to  include  both  the  tension  of  a  string,  and 
the  tension  of  a  piece  of  solid  brass,  must  neces- 
sarily have  been  very  vague.  And  he  seems  to  have 
been  destitute  of  any  knowledge  of  the  precise 
nature  of  the  motion  or  impulse  by  which  sound  is 
produced  ;  and,  of  course,  still  more  ignorant  of  the 
mechanical  principles  by  which  these  motions  are 
explained.  The  notion  of  Tib-rations  of  the  parts  of 
Sounding  bodies,  does  not  appear  to  have  been 
dwelt  upon  as  an  essential  circumstance ;  though  in 
-some  cases,  as  in  sounding  strings,  the  fact  is  very 
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ob\'iou&.  And  the  notion  of  vibrations  of  the  air 
Joes  not  at  all  appear  in  ancient  writers,  except  so 
far  as  it  may  be  conceived  to  be  implied  in  the 
comparison  of  aerial  and  watery  waves,  which  we 
have  quoted  from  Vitruvius.  It  is,  however,  very 
unlikely  that,  even  in  the  case  of  water,  the  motions 
of  the  particles  were  distinctly  conceived,  for  such 
conception  is  far  from  obvious. 

The  attempts  to  apprehend  distinctly,  and  to 
explain  mechanically,  the  phenomena  of  sound,  gave 
rise  to  a  series  of  Problems,  of  whieh  we  muet  now 
give  a  brief  history.  The  questions  which  more 
pocnliarly  constitute  the  sci^^nce  of  acoustics,  are 
those  concerning  tbose  affections  of  the  air  by 
wliich  it  ia  the  medium  of  bearing.  But  the  mo- 
tions of  sounding  bodies  have  both  so  much  con- 
nexion with  those  of  the  medium,  and  so  much 
resemblance  to  them,  that  we  shall  include  in  our 
survey  researches  on  that  subject  also. 
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IHAT  the  contmuation  of  sound  depends  on 
continued  minute  and  rapid  motion,  a  shaking 
or  trembling,  of  the  parts  of  the  sonndinc;  bod_v,j 
was  soon  seen.     Tiius  Baeon  sajs',  "The  durationi 
of  the   sound  of  a  bell   or  a  string  when  struck, 
which  appears  to  be  prolong:ed  and  gradually 
tinguished.   does  not   proceed    from   the  first 
cussion;  but  the  trepidation  of  the   body  struclc' 
perpetually  generates  a  new   sound.     For  if  that 
trepidation  be  prevented,  and  the  bell  or  string  be 
stopped,  the  sound  soon  dies :  as  in  spi7ietsi,  as  soon 
as  the  spine  is  let  fall  so  as  to  touch  the  string, 
the  sound   ceases."     In  the  case   of  a   stretched 
string,  it  is  not  difficult  to  perceive  that  the  mo- 
tion   is   a   motion   back    and   forwards   across  thei 
straight  line   which  the  string  occupies   when   at 
rest.     The  fiirther  examination  of  the  qxiantitativi 
circumstances  of  this    oscillatory  motion   was  ai 
obvious  problem ;  and  especially  after  oscillations.^ 
though  of  another  kind,  (those  of  a  pendulous  body,) 
had  attracted  attention,  as  they  had  done  in  thej 
school  of  Galileo.     Mersenne,  one  of  the  promul-' 
gators  of  Galileo's  philosophy  in  France,  \r  the  first^ 

'  liixl.  Stf«.  el  And.  vol,  ix.  p.  71' 


PROBLEM  OF  VIBRATIONS  OF  STRINGS.       333 


author  in  whom  I  hnd  an  oxamiuation  of  the  details 
of  this  case,  {Ilarmonicm-mn  Liber,  Paris,  1G36.) 
He  asserts',  that  the  differences  and  ooneords  of 
acute   and  grave  sounds    depend  on  the  rapidity 
of  vibrations,  and  their  ratio ;  and  he  prove,s  this 
doctrine  by  a  series  of  experimental  comparisons. 
Thus  he  finds'  that  the  note  of  a  string  is  as  its 
length,  by  taking  a  string  first  twice,  and  then  four 
times  as  long  as  the  original  string,  other  things 
remaining  the  same.     This,  indeed,  was  known  to 
the  ancients,  and  was  the  basis  of  that  numerieal 
indication  of  the  notes  which  the  proposition  ex- 
presses.    Mersenae  further  proceeds  to  show  the 
effect  of  thickness  and  tension.     He  finds  (Prop.  7) 
that  a  string  must  be  four  times  as  thick  as  another, 
to  g^ve  the  octave  below ;  be  finds,  also  (Prop.  8), 
that  the  tension  must  be  about  four  times  as  great 
in  order  to  produce  the  octave  above.    From  these 
proportions  various  others  are  deduced,  and  the  late 
0/  the  phenomena  of  this  kind  may  be  considered 
as  determined.     Mersenne  also  undertook  to  mea- 
mre  the  phenomena  numerically,  that  is,  to  deter- 
mine  the  number  of  vibrations  of  the  string  in 
each  of  such   cases;  which   at  first    might  appear 
difficult,  since  it  is  obviously  impossible  to  count 
with   the  eye   the    passages   of  a   sounding  string 
backwards  and  forwards.     But  Mersenne  rightly 
assumed,  that  the  number  of  vibrations  is  the  same 
so  long  as  the  tone  is  the  same,  and  that  the  ratios 
'  L.  i.  rrop.  LI.  ^  L.  ii.  Trop,  (i. 
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of  the   numbers  of  vibrations  of  dittereut  strings 
maj  be  detenniiied  from  the  niunerical  relatio 
of  their  notes.     lie   had,  therefore,  only  to  dete: 
mine  the    number  of  vibrations   of  one    certain 
string,   ur  onp  known  note,  to  know  those  of  all, 
others.     He  took  a  musical  string  of  three  quarte' 
of  a   foot   long,   stretched  with  a  weight  of  si 
pounds  and  five-eighths,  which  he  found  gave  hi 
by  its   vibrations  a  certain  standard  note  in   bt 
organ  :  he  found  that  a  string  of  the  same  materi. 
and  tension,  fifteen  feet,  that  is.  twenty  times 
lung-,  made  ten  recurrences  in  a  second ;  and  he  in 
ferred  that  the  number  of  vibrations  of  the  sho 
string  must  also  be  twenty  times  as  great;  a 
thus  such   a  string  must  make  in  one  Becond 
time  two  hundred  vibrations. 

This  determination  of  Mcrsenne  does  not  a 
pear  to  have  attracted  due  notice;  but  some  ti 
afterwards  attempts  were  made  to  certain   th' 
connexion  between  the  sound  and  its  elemeuta 
pulsations  in  a  more  direct  manner.     Hooke.  i: 
1681,  produced  sounds  by  the  striking  of  the  teeth 
of  brass  wheels',  and  Stancari,  in  1706^  by  whirling 
round   a   large    wheel   in  air,   showed,    before  th' 
academy  of  Bologna,   how   the  number  of  vib: 
tions  in  a  given  note  might  be  known.     Sauveur, 
who,  though   deaf  for  the  first  seven  years  of  hii 
life,  was  one  of  the  greatest  promoters  of  the  sc'icn 
of  sound,  and  gax'e  it  its  name  of  acottgfiri?,  endei 

'  Life,  |i.  MAlii- 


rB  VIBRATION  OF  STRINGS.  335 

lourotl  also,  about  the  same  time,  to  dctermiue  the 
number  of  >ibrations  of  a  standard  note,  or,  as  he 
called  it,  tixcd  aouud.  He  employed  two  methods, 
both  ingenious  and  both  indirect.  The  first  was 
the  method  of  bents.  Two  organ-pipeSy  which  form 
a  discord,  arc  often  heard  to  produce  a  kind  oX  kojol, 
or  icaty  noise,  the  sound  swelling  and  declining  at 
P  small  intervals  of  time.  This  was  readily  and 
rightly  ascribed  to  the  coincidences  of  the  pulsa- 
tions of  sound  of  the  two  notes  after  certain  cycles, 
Thus^  if  the  number  of  vibrations  of  the  notes  were 
as  fifteen  to  sixteen,  every  fifteenth  vibration  of 
the  one  would  coincide  with  every  sixteenth  vibrar 
tion  of  the  other,  while  all  the  intermediate  nbra- 
tions  of  the  two  tones  would,  in  various  degrees, 

f  disagree  with  each  other;  and  thus  every  such  cyele, 
of  fifteen  and  sixteen  vibrations,  might  be  heard  as 
a  separate  beat  of  sound.  Now.  Sauveur  wished 
m  to  take  a  case  in  which  these  beats  were  so  slow 
H  as  to  be  counted\  and  in  which  the  ratio  of  the 
vibrations  of  the  notes  was  knottn  from  a  know- 

»  ledge  of  their  musical  relations.  Thus  if  the  two 
notes  form  an  interval  of  a  semitone,  their  ratio  will 
be  that  above  supposed,  fifteen  to  sixteen ;  and  if 
the  beats  be  found  to  be  six  in.  a  second,  we  know 
that,  in  that  time^  the  graver  note  makes  ninety 
and  the  acuter  ninety-six  vibrations.  In  this  man- 
ner Sauveur  found  that  an  open  orgau-pipe,  five 
feet  long,  gave  one  hundred  vibrations  in  a  second. 
'  Ac.  Sc.  Ilhi.  1700.  p.  131. 
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SauveuTS  other  method  is  more  recondite,  aiic 
approaches  to  a  mechanical  view  of  the  question' 
He  proceeded  on  this  basis ;  a  string,  horizontally 
stretched,  cannot  be  rh-ai'tii  into  a  mathematical 
straight  line,  but  always  hangs  in  a  very  flat  cuire, 
or  festoon.  Hence  Sauveur  assumed,  that  its  trans- 
verse vibrations  may  be  conceived  to  be  identic 
with  the  lateral  swingings,  of  such  a  festoon.  01 
serving  that  the  string  C,  in  the  middle  of  a  harpsi- 
chord, haugs  in  such  a  festoon  to  the  amount  ofj 
1 -323rd  of  an  inch,  he  calculates,  by  the  laws  ol 
penduliuns,  the  time  of  oscillation,  and  finds 
1 -122nd  of  a  second;.  Thus  this  C,  his^erf  noU^ 
makes  one  hundred  and  twenty-two  vibrations  in  a 
second.  It  is  curious  that  this  process,  seemingly 
so  arbitrary,  is  capable  of  being  justified  on  me- 
chaiiieal  principles ;  though  we  can  hardly  give  thg^ 
author  credit  for  the  views  which  this  justification^ 
implies.  It  is,  therefore,  easy  to  understand  that 
it  agreed  with  other  experiments  in  the  laws  which 
it  gave  for  the  dependence  of  the  tone  on  th* 
length  and  tension. 

The   problem   of  satisfactorily  explaining    thisi 
dependence,    on    mechanical    principles,   naturallj 
pressed  upon  the  attention  of  mathematicians  when^ 
the  law  of  the  phenomena  was  thus  completely 
determined  by  Mersenne  and  Sauveur.     It  was 
sirable   to  show  that   both  the  circumstances  i 
the  lueasure  of  the  phenomena  were  such  as  knowi 
•  Ac.  St.  Hist.  1713. 
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niephaiiieal  causes  and  laws  would  explain.  But 
Ihis  problem,  as  might  be  expected,  was  not  at- 
tacked till  mechanical  principles,  and  the  modes  of 
applying  them.  Iiad  become  tolerably  familiar. 

As  the  vibrations  of  &  string  are  produced  by 
its  tension,  it  appeared  to  be  necessary,  in  the  first 
place,  to  determine  the  law  of  the  tension  which 
is  called  into  action  by  the  motion  of  the  string; 
for  it  is  manifest  that,  when  the  string  is  drawn 
aside  from  the  straight  line  into  which  it  is 
stretched,  there  arises  an  additional  tension,  which 
aids  in  drawing  it  back  to  the  straight  line  as  soon 
as  it  is  let  go.  Hooke  {On  SpHng,  1678)  deter- 
mined the  law  of  this  additional  tension,  which  he 
expressed  in  his  noted  formula,  "  Ut  tensio  sic  vis." 
the  force  is  as  the  tension ;  or  rather,  to  express 
his  meaning  more  clearly,  the  force  of  tension  is 
as  the  extension,  or,  in  a  string,  as  the  increase 
of  length.  But,  in  reality,  this  principle,  which  is 
important  in  many  acoustical  problems,  is,  in  the 
one  now  before  us,  unimportant;  the  force  which 
urges  the  string  towards  the  straight  line,  depends, 
with  such  small  extensions  as  we  have  now  to  con- 
sider, not  on  the  extension,  but  on  the  curvature ; 
and  the  power  of  treating  the  mathematical  difficulty 
of  curvature,  and  its  mechanical  consequences,  was 
what  was  requisite  for  the  solution  of  this  problem. 
The  problem,  in  its  proper  aspect,  was  first  at- 
tacked and  mastered  by  Brook  Taylor,  an  English 
mathematician  of  the  school  of  Newton,  by  whom 
VOL.  II.  Z 
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the  solution  was  published  in  1715,  in  his  Methodug\ 
Incrementorttrn.  Taylor's  solutioQ  was  indeed  im- 
perfect, for  it  only  pointed  out  a  form  and  %  mode 
of  vibration,  with  which  the  string  miff/U  move 
consistently  with  the  laws  of  mechanics;  not  the  — 
mode  in  which  it  must  move,  supposing  its  form  toV 
be  any  whatever.  It  showed  that  the  curve  might 
be  of  the  nature  of  that  which  is  called  tfm  contr- 
panion  to  the  cycloid ;  and,  on  the  supposition  ol 
the  curve  of  tho  string  being  of  this  form,  the 
calculation  confirmed  the  previously  established 
laws  by  which  the  tone,  or  the  time  of  vibration, 
had  been  discovered  to  depend  on  the  length,  ten 
sion,  aad  bulk  of  the  string.  The  mathematical 
incompleteness  of  Taylor's  reasoning  must  not  pre- 
vent us  from  looking  upon  his  solution  of  the  pro- 
blem as  the  must  important  step  in  the  progress 
of  tliis  part  of  the  subject:  for  the  difficulty 
applying  mechanical  principles  to  the  question  being 
once  overcome,  the  extension  and  correction  of  the 
application  was  sure  to  be  undertaken  by  succeed- 
ing mathematicians ;  and,  accordingly,  this  soon 
happened.  We  may  add,  moreover,  that  the  sub- 
sequent and  more  general  solutions,  require  to  be 
considered  with  reference  to  Taylor's,  in  order  to 
apprehend  distinctly  their  import;  and  further,  that 
it  was  almost  evident  to  a  mathematician,  even 
before  the  general  solution  had  appeared,  that  the 
dependence  of  the  time  of  vibration  on  the  length 
and  tension,  would  be  the  same  in  the  general 
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as  in  the  Ta^lorian  curve;  so  that,  for  the  ends  of 
physical  philosophy,  thp  solution  was  not  very  in- 
romplete* 

John  Bernoulli,  a  few  years  afterwards^  solved 
the  prohJem  of  vibrating  chords  on  nearly  the  same 
principles  and  suppositions  as  Taylor ;  hut  a  little 
later  (in  1747),  the  next  generation  of  great  mathe- 
maticians. D'Alombert,  Euler,  and  Daniel  Bernoulli, 
a]»plied  the  increased  powers  of  analysis  to  give 
^neraiity  to  the  mode  of  treating  this  question, 
and  especially  the  oaleulus  of  partial  differentials, 
inventeil  for  this  purpose.  But  at  this  epoch,  the 
discussion,  so  far  as  it  bore  on  physics,  lielonged 
rather  to  the  history  of  another  problem,  which 
comes  under  our  notice  hereafter^  that  of  the  com- 
position of  vibrations ;  we  shall,  therefore,  defer  the 
further  history  of  the  problem  of  vibrating  strings, 
till  we  have  to  consider  it  in  eounexioii  with  new 
experimental  facts. 

'  Op.  iii.  p.  207. 
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Problem  of  the  Propagation  of  Sound. 


TTT^  have  seen  that  the  ancient  philosophers,  for 
f  f  the  most  part,  held  that  sound  was  transmit- 
ted, as  well  as  produced,  hy  some  motion  of  the  air, 
without  defining  what  kind  of  motion ;  that  some, 
huwevor,  applied  to  it  a  very  happy  similitude,  the 
expansive  motion  of  the  circular  waves  produced  b^ 
throwing  a  stone  into  still  water;  but  that  notwith- 
standing, some  rejected  this  mode  of  conception,  as, 
for  instance.  Bacon,  who  ascribed  the  transmission 
of  sound  to  certain  "spiritual  species." 

Though  it  was  an  obvious  thought  to  ascribe  the 
motion  of  sound  to  some  motion  of  air;  to  conceive 
what  kind  of  motion  could  and  did  produce  this 
effect,  must  have  been  a  matter  of  grave  perplexity 
at  the  time  of  whieh  we  are  speaking;  and  is  far 
from  easy  to  most  persons  even  now.  We  may 
judge  of  the  difficulty  of  forming  this  conception, 
when  we  recollect  that  John  Bernoulli  the  younger' 
declared,  that  he  could  not  understand  Newton's 
proposition  on  this  subjiect.  The  difficulty  consists 
in  this,  that  the  movement  of  the  parts  of  air,  in 
which  sound  consists,  travels  along,  but  that  the 
parts  of  air  themselves  do  not  so  travel.  Accord- 
'  Prize  Diji.BH  Light,  I73(i. 


PROPAGATION  OF  POUND. 


341 


ing-lj-  Otto  Guericke',  the  inventor  of  the  air-pump, 
asks.  "  How  can  sound  be  conveyed  hy  the  motion 
of  the  air  ?  when  we  find  that  it  is  better  conveyed 
through  air  that  is  still,  than  when  there  is  a  wind." 
We  may  observe,  however,  that  ho  was  partly  mis- 
led by  finding,  as  he  thought,  that  a  bell  could  be 
heard  in  the  vacuum  of  his  air-pump ;  a  result 
which  arose,  probably,  from  some  imperfection  in 
his  apparatus. 

Attempts  were  made  to  determine,  by  experi- 
ment, the  circumstances  of  the  motion  of  sound ; 
and  especially  its  velocity.  Gassendi'  was  one  of 
the  first  who  did  this.  He  employed  firEr-arms  for 
the  purpose,  and  thus  found  the  velocity  to  be  1473 
Paris  feet  in  a  second.  Roberval  found  a  velocity 
so  small  (500  feet)  that  it  threw  uncertainty  upoit 
the  rest,  and  affected  Newtou's  reasonings  subse- 
quently*. Cassini,  Huyghens,  Picard.  Romer,  found 
a  velocity  of  1172  Paris  feet,  which  is  more  accurate 
than  the  former.  Gassendi  had  been  surprized  to 
find  that  the  velocity  with  which  sounds  travel,  is 
the  same  whetlier  they  are  loud  or  gentle. 

The  explanation  of  this  constant  velocity  of 
sound,  and  of  its  amount,  was  one  of  the  problems 
of  which  a  solution  was  given  in  the  Great  Charter 
of  modem  science,  Newton's  Principia  (1687). 
There,  for  the  first  time,  were  explaineil  the  real 
nature  of  the  motions  and  mutual  action  of  the 

=  De  Vac.  Spat.  p.  138.      'Fiaclier,  Ocseh.d.Phtftik.  vol.i.  \^^. 
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parte  of  the  air  through  which  sound  is  transmitted. 
It  was  shown*  that  a  hody  vibrating  iu  an  elastic 
medium,  will  propagate  pii/scs  throug-hthe  medium; 
that  is,  the  parts  of  the  medium  will  move  forwards 
and  backwards,  and  this  motion  will  aifect  succes- 
sivdy  those  parts  which  arc  at  a  greater  and  greater 
distance  from  the  origin  of  motion.  Tho  parts,  in 
going  forwards,  produce  condcnsatioD ;  in  returning 
to  their  first  places,  they  allow  extension;  aad  the 
piay  of  the  elasticities  developed  hy  these  cxpan- 
aions  and  contractions,  supplies  the  forces  which 
continue  to  propagate  the  motion. 

The  idea  of  such  a  motion  as  this,  is,  as  ve  have 
said,  far  from  easy  to  apprehend  distinctly :  but  a 
distinct  apprehension  of  it  is  a  step  essential  to 
the  physical  part  of  the  sciences  now  under  notice; 
for  it  is  by  means  of  such  pulses^  or  undulal ums, 
that  not  only  sound,  but  light*  and  probably  heat 
are  propagated.  We  constantly  meet  with  evidence 
nf  the  ditticulty  which  men  have  in  conceiving  this 
nndulatory  motion,  and  in  separating  it  from  a  local 
motion  of  the  medium  as  a  mass.  For  instance,  it 
is  not  easy  at  first  to  conceive  the  waters  of  a  great 
river  rtowing  constantly  dojnn  towards  the  sea,  while 
waves  arc  rolling  up  the  very  same  part  of  the 
stream,  and  which  the  great  elevation,  which  makes 
the  tide,  is  travelling  from  the  sea  perhaps  with  a 
velocity  of  fifty  miles  an  hour.  The  motion  of  such 
a  wave,  or  elevation,  in  distinct  from  any  stream, 
*  Nuwt.  PrtH.  B.  ii.  P.  43. 
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and  is  of  the  nature  of  undulations  in  general.  The 
parts  of  the  fluid  stir  for  a  short  time  and  for  a 
small  distance,  so  as  to  accumulate  themselves  on  a 
neighbouring  part,  and  then  retire  to  their  former 
place ;  and  this  movement  affect  the  parts  in  the 
order  of  their  places.  Perhaps  if  the  reader  looks 
at  a  field  of  standing  com  when  the  gusts  are 
sweeping  over  it  in  visible  waves,  he  will  have  his 
conception  of  this  matter  aided;  for  he  will  see  that 
here,  where  each  ear  of  grain  is  anchored  hj  its 
stalk,  there  can  he  no  permanent  local  motion  of  the 
substance,  but  only  a  successive  stooping  and  rising 
of  the  separate  straws,  producing  hollows  and  waves, 
closer  and  laxer  strips  of  the  crowded  ears, 

Newton  had,  moreover,  to  consider  the  mecha-" 
nicat  consequences  which  such  condensations  and 
rarefactions  of  the  elastic  medium,  air,  would  pro- 
duce in  the  parte  of  the  fluid  itself  Employinp: 
known  laws  of  the  elasticity  of  air,  he  showed,  in  a 
very  rt^markable  proposition',  the  law  according  U> 
which  the  particles  of  air  might  vibrate.  We  may 
observe,  that  in  this  solution,  as  in  that  of  the 
vibrating  string  already  mentioned,  a  rule  was  ex- 
liibited  according  to  which  the  particles  might  oscil- 
late, but  not  the  law  U>  which  they  WMAt  conform. 
It  was  proved  that,  by  taking  the  motion  of  each 
particle  to  be  perfectly  similar  to  that  of  a  pendu- 
lum, the  forces,  developed  by  contraction  and  ex- 
pansion, were  precisely  such  as  the  motion  re(|uired; 

•  Princ.  B.  ii.  Pr«p.  -iS. 
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but  it  was  not  shown  that  no  other  tj-pe  of  oscilla- 
tion would  give  rise  to  the  same  accordance  of  forceB 
and  motion.     Newton's  reasoning  also  gave  a  deter' 
mination  of  the  speed  of  propagation  of  the  pulses:  j 
it  appeared  that  sound   ought  to  travel  with  the™ 
velocity  which  a  bod^  would   acquire  by  falling 
fireely  through  half  the  hdgkt  of  a  iKtmog^ieoia^ 
fitmosp/i£re :  "the  height  of  a  homogeneous  atmo- 
sphere" being  the  height  which  the  air  must  have,* 
in   order  to   produce,    at  the    earth's  surface,   the  " 
actual  atmospheric  pressure,  supposing  no  dimiuu- 
tiou  of  density  to  take  place  in  ascending.     This 
height  is  about  2!),000  feet;  and  hence  it  followed 
that  the  velocity  was  968  feet.     This  velocity  is 
really  considerably  less  than  that  of  sound,  but  at 
the  time  of  which  we  speak,  no  accurate  measure  m 
had  been  established;  and  Newton  persuaded  him-" 
self,  by  experiments  made  in  the  cloister  of  Trinity 
College,  his  residence,  that  his  calculation  was  uotfl 
far  from  the  fact.     When,  afterwards,  more  exact 
experiments  showed  the  velocity  to  be  1142  KnglishS 
feet,  Newton  attempted  to  explain  the  difference  by™ 
various  considerations,  none  of  which  were  adequate 
to  the  purpose ; — as  the  dimensions  of  the  solid 
particles  of  which  the  fluid  air  consists; — or  thi 
vapours  which  are  mixed  with  it.     Other  write 
oHertrd  other  suggestions ;   but  the  true  solution  of 
the  difficulty  was  reserved  for  a  period  considerably 
subsequent. 

Newton's  calculation  of  the  motion  of  soun 
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though  logically  incomplete,  was  the  great  step  in 
the  solution  of  the  problem ;  for  mathematicians 
could  not  but  presume  that  his  result  was  not  re- 
stricted to  the  hypothesis  on  which  he  had  obtained 
it;  and  the  extension  of  the  solutioa  required  only 
mere  ordinary  talents.  The  logical  defect  of  his 
solution  was  assailed,  as  might  have  been  expected. 
Cramer  (professor  at  Geneva),  in  1741,  conceived 
that  he  was  destroying  the  conclusiveness  of  New- 
ton's reasoning,  by  showing  that  it  applied  equally 
to  other  modes  of  oscillation.  This,  indeed,  contra- 
dicted the  enunciation  of  the  48th  Prop,  of  the 
Second  Book  of  the  Principia :  but  it  confirmed 
and  extended  all  the  general  results  of  the  demon- 
stration; for  it  left  even  the  velocity  of  sound  unaU 
tered,  and  thus  showed  that  the  velocity  did  not 
depend  mechanically  on  the  type  of  the  oscillation. 
But  the  satisfactory  establishment  of  this  physical 
generalization  was  to  he  supplied  from  the  vast 
generalizations  of  analysis,  which  mathematicians 
were  now  becoming  able  to  deal  with.  Accordingly 
this  task  was  peribrmed  by  the  great  master  of 
analytical  generalization,  Lagrange,  in  175&,  when, 
at  the  age  of  twenty-three,  ho  and  two  friends  pub- 
lished the  first  volume  of  the  Turiu  Memoirs.  Euler, 
3ii  his  manner  was,  at  once  perceived  the  merit  of 
the  new  solution,  and  pursued  the  subject  on  the 
views  thus  suggested.  Various  analytical  iniprove- 
ments   and   extensions   were    introduced    into   the 
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solution  by  the  twu  great  niathcniaticiaiis ;  but 
none  of  these  at  all  altered  the  formula  by  which 
the  veloeitjr  of  sound  was  expressed;  and  the  di&-J 
cropancy  between  calculation  and  observation,  about  ■ 
one-sixth  of  the  whole,  which  had  perplexed  New- 
ton, remained  still  unaccounted  for. 

The  merit  of  satisfactorily  explaining  this  di^ 
crepancy  belongs  to  Laplace.  He  was  the  first  to 
remark'  that  the  common  law  of  the  changes  of 
elasticity  in  the  air,  as  dependent  on  its  compres- 
sion, cannot  be  applied  to  those  rapid  vibrations  in 
which  sound  consists,  since  the  sudden  compression 
produces  a  degree  of  heat  which  additionally  m- 
creases  the  elasticity.  The  ratio  of  this  increase 
depended  on  the  experiments  by  which  the  relation 
of  heat  and  air  is  established.  Laplace,  in  1816, 
published"  the  theorem  on  which  the  correction 
depends.  On  applying  it,  the  calculated  velocity  of 
sound  a^eed  very  closely  with  the  best  antecedent 
experiments,  and  was  confirme<l  by  more  exact  ones 
instituted  for  that  purjjose. 

This  step  completes  the  solution  of  the  problem 
of  the  propagation  of  sound,  as  a  mathematical 
induction,  obtained  from,  and  verified  by,  fact& 
Most  of  the  discussions  concerning  points  of  ana*^ 
lysis  to  which  the  investigations  un  this  subject 
gave  rise,  as,  for  instance,  the  admissibility  of  dis- 

'  M6c.  CcL  i.  V.  I.  xii.  p.  96. 
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continuous  functions  into  the  solutions  of  partial 
differential  equations,  belong  to  the  history  of  pure 
mathematics.  Those  which  really  concern  the  phy- 
sical theory  of  sound  may  be  referred  to  the  pro- 
blem of  the  motion  of  air  in  tubes,  to  which  we 
shall  soon  have  to  proceed ;  but  we  must  first  speak 
of  another  form  which  the  problem  of  vibrating 
strii^  assumed. 
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CHAPTER  IV. 
Problem  of  Different  Sounds  of  thjb  same 

STttlNO, 

IT  had  been  observed  at  an  early  period  oi"  acous- 
tical knowledge,  that  one  string  might  give 
several  sounds.  Mersenne  and  others  had  noticed' 
that  wheu  a  string  vibrates,  one  which  is  in  unison 
with  it  vibrates  without  being  touched.  He  was 
also  aware  that  this  was  tnie  if  the  seeond  string 
was  an  octavo  or  a  twelfth  below  the  first.  This 
was  observed  as  a  new  fact  in  England  in  1674, 
and  communicated  to  the  Royal  Society  by  Wallis^ 
But  the  later  observers  ascertained  further,  that  the 
longer  string  divides  itself  into  two,  or  into  three 
equal  parts,  separated  by  nodes,  or  points  of  rest ; 
this  they  proved  by  banging  bits  of  paper  on  differ- 
ent parts  of  the  string.  The  discovery  so  modified 
was  again  made  by  Sauvour^  about  1700.  The 
sounds  thus  produced  in  one  string  by  the  vibration 
of  another,  have  been  termed  Sympathctu  Sounds. 
Similar  sounds  are  often  produced  by  performers  on 
stringed  instruments,  by  touching  the  string  at  one 
of  its  aliquot  divisions,  aiid  are  then  called  the 
Acute  JJarmonics.     Such  facts  were  not  difficult  to 


'  Harm.  lib.  iv.  PnjiJ  38,  (Uj3(i.) 
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explain  on  Taylor's  view  uf  the  mechanical  condi- 
tion of  the  string;  but  the  difficulty  was  increased 
when  it  was  noticed  that  a  sounding  body  could 
produce  these  ilifferent  notes  at  the  game  time. 
Mersenne  had  remarked  this,  and  the  fa^'t  was  more 
distinctly  observed  and  pursued  by  Sauveur,  The 
notes  thus  produced  in  addition  to  the  genuine  note 
of  the  string,  have  been  called  ^t'Mnddry  notes; 
those  usually  heard  are,  the  octave,  the  twelfth,  and 
the  seTenteenth  above  the  note  itself.  To  supply  a 
njode  of  eoiiceivLng  distinctly,  and  explaining  me- 
chanically, vibrations  which  should  allow  of  such  aii 
effyct,  was  therefore  a  requisite  step  in  acoustics. 

This  task  was  performed  by  Daniel  Bernoulli  in 
a  memoir  published  in  1 755'  lie  there  iitatcd  and 
proved  the  principle  of  the  coe.ristence  of  small 
■rihraiiftnii :  it  was  already  established,  that  a  string 
might  vibrate  either  in  a  single  s-welllwf  (if  we  use 
this  word  to  express  the  curve  between  two  nodes 
which  Bernoulli  calls  a  rentre,)  or  in  two  or  three 
or  any  number  of  equal  swellings  with  immoveable 
nodes  between.  Daniel  Bernoulli  showed  further, 
that  those  nodes  might  be  combined,  each  taking 
place  as  if  it  were  the  only  one.  This  appears  suffi- 
cient to  explain  the  coexistence  of  the  harmonic 
sounds  just  noticed.  D'Alembcrt,  indeed,  in  the 
article  Fundamental  in  the  French  Encjfchpedie, 
and  I*agraiige  in  his  Dissertatimi  im  Souvd  in  the 
Tar'm  Memoirs''^   offer  several   objections  to  this 

'  Berlin  MeKt.  liM,  ii.  WJ.  "  T.  i.  pp.tM.  im. 
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explanation ;  and  it  cannot  be  dcnipd  that  the  sub- 
ject has  its  difficulties ;  but  still  these  do  not  deprivm| 
Bernoulli  of  the  merit  of  baviu;!!;  pointed  out  the 
principle   of  coexistent   vibrations,   or  divest  that 
principle  of  its  value  in  physical  science.  ^m 

Daniel  BernouUi's  Memoir,  of  which  we  spoal^H 
was  published  at  a  period  when  the  clouds  which 
involve  the  general  analytical  treatment  of  the  pro^ 
blcm  of  vibrating  strings,   were  thickening  about 
Euler  and  D'Alembcrt,  and  darkening  into  a  contro- 
versial hue;  and  as  Bernoulli  ventured  to  interpose 
his  view,  as  a  solution  of  these  difficulties,  which^^ 
in  a  mathematical  sense,  it  is  not,  wo  can  hardly  m| 
surprized  that  he  met  with  a  rebuff".     The  further 
prosecution  of  the  different  modes  of  vibration  of 
the  same  body  need  not  be  here  considered.  ^M 

The  sounds  which  are  called  Gram  Jfarmonieg^ 
have  no  analogy  with  the  acute  harmonics  above-^ 
mentioned ;  nor  do  they  belong  to  this  section ;  fdi| 
in  the  ease  of  grave  harmonics,  we  have  one  sound 
from  the  co-operation  of  two  strings,   instead  g^M 
several  sounds  from  one  string.     These  harmonies 
are.  in  fact,  connected  with  heats,  of  which  we  hav« 
already  spoken ;  the  beats  becoming  so  close  as 
produce  a  note   of  definite   musical  quality.     The 
discovery  of  the  gxave  harmonics  is  usually  ascribed 
to  Tartini,  who  mentions  them  in  1754;  but  th6]fl 
are  first  noticed''  in  the  work  of  Sorge  On  tuning 
Ortftmfi.  1744.    lie  there  expresses  this  discover 

'  Chladri.  ^tw*i.  p.254, 
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in  a  query.  "  Whence  comes  it,  that  if  we  tune 
a  fifth  2  :  3,  a  tkird  sound  is  faintly  heard,  the 
octave  below  the  lower  of  the  two  notes?  Nature 
shows  that  witli  2  :  3,  she  still  requires  the  unity 
to  perfect  the  order  1.  2,  3."  The  truth  is,  that 
these  numbers  express  the  frequency  of  the  vibra- 
tions, and  thus  there  will  be  coincidences  of  the 
notes  2  and  3,  which  are  of  the  frequency  1,  and 
consequently  give  the  octave  below  the  sound  2. 
This  is  the  explanation  given  by  LaErranpe',  and 
is  indeed  obvious. 

'  Mem,  Tiir.  i.  p.  104, 
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CHAPTER  V. 


Problem  of  the  Sounds  of  Pipes. 


IT  was  taken  for  granted  by  those  who  reasoned 
on  sounds,  that  the  sounds  of  flutes,  oi^n-pipes, 
and  wind-in&truments  in  goneral,  consisted  in  vibra- 
tions of  some  kind ;  hut  to  determine  the  nature 
and  laws  of  these  vibrations,  and  to  reconcile  them 
with  mechanical  principles^  was  far  from  easy. 
The  leading  facts  which  had  been  noticed  were, 
that  the  note  of  a  pipe  was  proportional  to  its 
length,  and  that  a  flute  and  similar  instruments 
might  be  made  to  jiroducc  some  of  the  acute  har- 
monics, as  well  as  the  genuine  note.  It  had  further 
been  noticed',  that  pipes  closed  at  the  end,  instead 
of  giving  the  series  of  harmonics  1,  ^,  ^,  ^.  &c.. 
would  givL'  only  those  notes  which  answer  to  the 
odd  numbers  1,  ^,  i^,  Ac.  In  this  problem  also. 
Newton'  made  the  first  step  to  the  solution.  At 
the  end  of  the  propositions  respecting  the  velocity 
of  sound,  of  whieh  we  have  spoken,  he  noticeJ 
that  it  appeared  by  taking  Mcrsenne's  or  Sauveur's 
determination  of  the  number  of  vibrations  corre- 
sponding to  a  given  note,  that  the  pulse  of  air  runs 
over  twice  the  length   of  the  pipe  in  the  time  of 

'  D.  Bemontli,  Ba-lin.  Mm.  1753,  p.  1511. 
'  Prinoip.  SpIiuI.  Prop.  50. 
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each  vibration.  He  does  not  follow  out  this  ob- 
servation* but  it  obviously  points  to  the  theory, 
that  the  sound  of  a  pipe  consists  of  pulses  which 
travel  back  and  forwards  along  its  length,  and  are 
kept  in  motion  by  the  breath  of  the  player.  This 
suppositioa  would  account  for  the  observed  de- 
pendence of  the  note  on  the  length  of  the  pipe. 
The  subject  does  not  appear  to  have  been  again 
taken  up  in  a  theoretical  way  till  about  1760 ; 
when  Lagrange  in  the  second  volume  of  the  TuHn 
Mewoirs,  and  D.  Bernoulli  in  the  Memoirs  of  the 
French  Academy  for  1762,  published  important 
essays,  in  which  some  of  the  leading  facts  were 
satisfactorily  explained,  and  which  may  therefore 
be  considered  as  the  principal  solutions  of  the  pro- 
blem. 

In  these  solutions  there  was  necessarily  some- 
thing hypothetical.  In  the  ease  of  vibrating  strings, 
as  we  have  seen,  the  form  of  the  vibrating  curve 
was  guessed  at  only,  but  the  existence  and  position 
of  the  nodes  could  be  rendered  visible  to  the  eye. 
In  the  vibrations  of  air,  we  cannot  see  either  the 
places  of  nodes,  or  the  mode  of  vibration ;  but 
several  of  the  results  are  independent  of  these  cir- 
cumstances. Thus  both  of  the  solutions  explain 
the  fact,  that  a  tube  closed  at  one  end  is  in  unison 
with  an  open  tube  of  double  the  length ;  and,  by 
supposing  nodes  to  occur,  they  account  for  the  exist- 
■    ence  of  the  odd  series  of  harmonics  alone,  1,  3,  5, 
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in  cluseJ  tubes,  while  the  whole  series,  1,  2,  3,  4, 5, 
&c.,  occurs  in  open  oiies.     Both  views  of  tlif  nature 
of  the  vibration  appear  to  be  nearly  tlie  same; 
though  Lagrange's  is  expressed  with  an  analjp-tlcai 
generality  which  renders  it  obscure*  and.  Bernoulli 
has  perhaps  laid  down  an  hypothesis  more  special 
than  was  necessary.   Lagrange^  considers  the  vibra- 
tion of  open  flutes  as  "  the  oscillations  of  a  fibre 
of  air,"  under  the  condition  that  its  elasticity  at 
the  two  ends  is,  during  the  whole  oscillation,  the 
same  as  that  of  the  surrounding  atmosphere.    Ber- 
noulli supposes^  the  whole  inertia  of  the  air  in  tAe 
flute  to  be  collected  into  one  particle,   and  this 
to  be  moved  by  the  whole  elasticity  arising  from 
its  displacement.     It  may  be  observed  that  both 
these  modes  of  treating  the  matter  eome  very  near 
to  what  we  have  stated  as  Newton's  theory ;  for 
though  Bernoulli  supposes  all  the  air  in  the  flute 
to  be  moved  at  once,  and  not  successively,  as  by 
Newton's  pulse,  in  either  case  the  whole  elasticity 
moves  the  whole  air  in  the  tube,  and  requires  more 
time  to  do  this  according  to  its  quantity.     Since 
that  time,  the  subject  has  received  further  mathe- 
matical developement  £rom  Euler^  Lambert",  and 
PoisSon';    but   no   new    explanation   of  facts   has 
arisen.     Attempts  have  however  been  made  to  as- 

»  M^.  Turin,  vol.  ii.  p.  J54.      *  Mem.  Ber/in.  1 753,  jv.  44fl. 
'  Nov.  Ael.  Petrop.  tniti.xvi.       '  Aend.  Berlin,  177-'>- 
'  JoHrn,  Ec.  Poiyl.  cap.  14. 
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I  certain  experiiiieiitaUy  the  places  of  the  nodes.  Ber- 
j  nouHi  himself  had  shown  that  this  place  was  affected 
by  the  amount  of  opening,  and  Lambert"'  had  ex- 
amined other  cases  with  the  same  view.  Savart 
traced  the  node  in  various  'Musical  pipes  under 
diflcicnt  conditions ;  and  very  recently,  Mr.  Hop- 
[kins,  of  Cambridge,  has  pursued  the  same  experi- 
[inental  inquiry*.  It  appears  from  these  researches, 
that  the  early  assumptions  of  mathematicians  with 
regard  to  the  position  of  the  nodes,  are  oot  justified 
by  the  facts.  When  the  air  in  a  pipe  is  made  to 
vibrate  so  as  to  have  several  nodes  which  divide 
it  into  equal  parts^  it  had  been  supposed  by  acou- 
stical writers  that  the  part  adjacent  to  the  open 
end  was  half  of  the  other  parts;  the  outermost 
node,  however,  is  found  experimentally  to  be  dls- 
j)laeed  from  the  position  thus  assigned  to  it,  by  a 

I  quantity  depending  on  several  collateral  circum- 
stances. 
Since  our  purpose  was  to  consider  this  problem 
only  so  far  as  it  has  tended  towards  mathematical 
solution,  we  have  avoided  saying  any  thing  of  the 
(lopondonco  of  the  mode  of  vibration  on  the  cause 
by  which  the  sound  is  produced;  and  consequently, 
the  researches  on  the  effects  of  reeds,  eraboucliures, 
and  the  like,  by  Chladni,  Savart,  Willis  and  others, 
(ift  not  belong  to  our  subject.     It  is  easily  seen  that 

■  Acnd.  Berlin,  1775. 

'  Camh.  Trans,  vol.  \,  p,  234. 
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the  complex  effect  of  the  elasticity  and  other  pro- 
perties of  the  reed  and  of  the  air  together,  is  a 
problem  of  which  we  can  hardly  hope  to  give  a 
complete  solution  till  our  knowledge  has  advanced 
much  beyond  its  present  condition. 

Indeed  in  the  science  of  acoustics  there  is  a  vast 
body  of  facts  to  which  we  might  apply  what  has 
just  been  said ;  but  for  the  sake  of  pointing  out 
some  of  them,  we  shall  consider  them  as  the  sub- 
jects of  one  extensive  and  yet  unsolved  problem. 
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CHAPTER  VI. 

iPhoblem  of  different  Modes  of  Vibration  of 
Bodies  in  general. 


I 

I 
I 


NOT  only  the  objects  of  which  w^?  have  spoken 
hitherto,  strings  and  pipes,  but  almost  all 
bodies  are  capable  of  vibration.  Bells,  gongs,  tun- 
ing-forks, are  examples  of  solid  bodies;  drums  and 
tambourines,  of  membranes;  if  we  run  a  wet  finger 
along  the  edge  of  a  glass  goblet,  we  throw  the 
fluid  which  it  contains  into  a  regular  vibration; 
aud  the  various  character  which  sounds  possess 
aceording  to  the  room  In  which  they  are  uttered, 
shows  that  large  masses  of  air  have  peculiar  modes 
cf  vibration.  Vibrations  are  generally  accom- 
panied by  sound,  and  they  may,  therefore,  be  con- 
Eidered  as  acoustical  phenomena,  especially  as  the 
sound  is.  one  of  the  most  decisive  facts  in  indicating 
the  mode  of  vibration.  Moreover,  every  body  of 
this  kind  can  vibrate  in  many  ditfereut  ways,  the 
vibrating  segments  being  divided  by  Nodal  Lines 
and  Surfaces  of  various  form  and  number.  The 
mode  of  vibration,  selected  by  the  body  in  each 
ease,  is  determined  by  the  way  in  which  it  is  held, 
the  way  in  which  it  is  set  in  vibration,  and  the 
ike  circumstances. 

The  general  problem  of  such  vibrations  includes 
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the  discoTery  and  classification  of  the  phenomena! 
the  detection   of  their  formal   laws ;  and,   finally, 
the  explanation  of  these  on  mechanical  principles. 
We  must  speak  very  briefly  of  what  has  been  done 
in  these  ways.  The  facts  which  indicate  Nodal  Lines 
had  been  remarked  by  Galileo,  on  the  sounding- 
board  of  a  musical  instrument;   and  Hooke   had 
proposed  to  observe  the  \ibrations  of  a  bell  bjM 
strewing   flour   upon    it.     But  it   was   Chladni,   a 
German  philosopher,  who  enriched  acoustics  with 
the  discovery  of  the  vast  variety  of  symmetrical 
figures  of  Nodal  Lines,  exhibited  on  plates  of  regu- 
lar fomis»  when  made  to  sound.   His  first  investif 
tions  on  this  subject,  Entflerkuv^m  iiherdie  Tki 
des  Klangs,  were  published  in  1787:  and  in  18( 
and  1817  he  added  other  discoveries.     In  these" 
works  he  not  only  related  a  vast  number  of  new 
and  curious  facts,  but  in  some  measure  reduced 
some  of  them  to  order  and  law.    For  instance, 
has  traced  all  the  vibrations  of  square  plates  to 
resemblance  with  those  forms  of  vibration  in  which' 
there  are  Nodal  Lines  parallel  to  one  side  of  the 
square,  and  to  the  other ;  and  he  has  established  a^ 
notation  for  the  modes  of  vibration  fomided  on  thi^l 
classification.     Thus,  5-2  denotes  a  form  in  which 
there  are  five  Nodal  Lines  parallel  to  one  side,  and 
two  to  another;  or  a  form  which   can   be  traced 
to  a  disfigurement  of  such  a  standard  type.    Savart^ 
pursued  this  subject  still   fifrthor ;  and  traced,  by^ 
actual  oliservation.  the  Ibrms  of  the  Nodal  Surfaces 
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which  divide  solid  bodies,  and  masses  of  air,  when 

in  a  state  of  vibration. 

The  dependence  of  such  vibrations  upon  their 

physical  cause,  the  elasticity  of  the  substance,  we 
can  conceive  in  a  general  way ;  but  the  mathema- 
tical theory  of  such  cases,  is,  as  might  be  supposed, 
very  difficult,  even  if  we  confine  ourselves  to  the 
obvious  question  of  the  mechanical  possibility  of 
these  different  modes  of  vibration,  and  leave  out  of 
Consideration  their  dependence  upon  the  mode  of 
excitation.  The  transverse  vibrations  of  elastic 
rods,  plates,  and  rings,  had  been  considered  by  Euler 
in  1779 ;  but  his  calculations  concerning  plates  had 
foretold  only  a  small  part  of  the  curious  phenomena 
observed  by  Chladni' ;  and  the  several  notes  wliich. 
according  to  his  ealeulation,  the  same  ring  ought 
to  give,  were  not  in  agreement  with  experiment'. 
Indeed,  researches  of  this  kind,  as  conducted  by 
Euler,  and  other  authors\  rather  were,  and  were 
intended  for,  examples  of  anat>'tical  skill,  than  ex- 
planations of  physical  facts.  James  Bernoulli,  after 
the  publication  of  Chladni's  experiments  in  1787, 
attempted  to  solve  the  problem  for  plates,  by  treats 
ing  a  plate  as  a  collection  of  fibres ;  but,  as  Chladni 
observes,  the  justice  of  this  mode  of  conception  is 
disproved,  by  the  disagreement  of  its  results  with 
experiment. 

Tho  Institute  of  France,  which  had  approved  of 

Chladnis  labours,  proposed,  in  1809,  the  problem 

'  Fischer,  vi.  587.         '  H*.  vl  HOd.         '  Sec  Chladni,  p.  474. 
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[now  before  us  as  a  prize-question': — "To  give  the 
mathematical  theory  of  the  vibrations  of  elastic 
surfaces,  and  to  compare  it  with  experiment."  Only 
one  memoir  was  sent  In  as  a  caodidate  for  the 
prize;  and  this  was  not  crowned,  though  honour- 
able mention  was  made  of  it'.  The  formulse  of 
James  Bernoulli  were,  according  to  M.  Poisson's 
statement,  defective,  in  consequence  of  his  not  tak- 
ing into  account  the  normal  force  which  acts  at  the 
exterior  boundary  of  the  ptate*.  The  author  of  the 
anonjTnous  memoir  corrected  this  errotir.  and  cal- 
culated the  note  corresponding  to  various  figures  of 
the  nodal  lines ;  and  he:  found  an  agreement  with 
experiment  sufficient  to  justify  his  tlieory.  He  had 
not,  however,  proved  his  fundamental  equation, 
which  M.  Poisson  demonstrated  in  a  Memoir,  read 
in  1814'.  At  a  more  recent  period  also,  MM.  Pois- 
son and  Cauchy  (as  well  as  a  lady,  Mile.  Sophie 
Germain,)  have  applied  to  this  problem  the  artifices 
of  the  most  improved  analysis.  M.  Poisson"  deter- 
mined the  relation  of  the  notes  given  by  the  longi- 
tudinal and  the  transverse  vihrations  of  a  rod ;  and 
solved  the  problem  of  vibrating  circular  plates 
when  the  nodal  lines  are  concentric  circles.  In 
both  these  cases,  the  numerical  agreement  of  his 
results  with  experience,  seemed  to  confirm  the  jus- 
tice of  bis  fundamental  views'.     He  proceeds  upon 

•SeeChladiii,p,357.      'P^l\sso■aaMcm.il^Ac.Sc.lS\2,]^.  Ifii). 
"  lb.  p.  220.        '  lb.  1812.  p.  2.  •  lb.  t.  viii.  IR2i). 

'  An.  Chim.  torn,  xxivi.  1B27,  l».  HO. 
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the  hypothesis,  that  elastic  bodies  are  composed  of 
separate  particles  held  together  by  the  attractive 
forces  which  they  exert  upon  each  other,  and  dis- 
tended by  the  repulsive  force  of  heat.  M.  Cauchy'" 
has  also  calculated  the  transverse,  longitudinal,  and 
rotatory  vibrations  of  elastic  rods,  and  has  obtained 
results  apjeeing  closely  with  experiment  through  a 
considerable  list  of  comparisons.  The  combined 
authority  of  two  profound  analysts,  as  MM.  Poisson 
and  Cauchy  are,  leads  us  to  believe  that,  for  the 
simpler  cases  of  the  vibrations  of  elastic  bodies, 
Mathematics  has  executed  her  task;  but  most  of  the 
more  complex  cases  remain  as.  yet  unsubdued. 

The  two  brothers,  Eraest  aad  William  Weber, 
made  many  curious  observations  on  undulations, 
which  are  contained  in  their  Wdltnkkre,  (Doctrine 
of  AVaves,)  published  at  Leipsig  in  1825.  They 
were  led  to  suppose,  (as  Young  had  suggested  at  an 
earlier  period,)  that  Chladni'g  figures  of  nodal  lines 
in  plates  were  to  be  accounted  for  by  the  super- 
position of  undulations".  Mr.  Wheatstone'*  has 
undertaken  to  account  for  Chladni's  figures  of 
vibrating  square  plates  by  this  superposition  of  two 
or  more  simple  and  obviously  allowable  modes  of 
nodal  division,  which  have  the  same  time  of  vibra- 
tion. He  assumes,  for  this  purpose,  certain  "pri- 
mary figures,"  containing  only  parallel  nodal  lines ; 
aud  by  combining  these,  first  in  twos,  and  then  in 

"  ExercUrjs  tic  Mittheuiatiqnc,  m.  am]  iv. 

"   WtUcnkhrr,  |..  474.  "  Phil   Tram.  Ifl3.1,  p.  393. 
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Fjburs,  he  obtains  most  of  Chladni's  observed  figuroe, 
anil  accounts  for  their  transitions  and  deviations 
from  regularity. 

The  principle  of  the  superposition  of  vibrations 
is  so  solidly  established  as  a  mechanical  truth,  that 
we  may  consider  au  acoustical  problem  as  satisfac- 
torily disposed  o£  when  it  is  reduced  to  that  prin- 
ciple, as  well  as  when  it  is  solved  by  analytical 
mechanics :  but  at  the  samo  time  we  may  recollect, 
that  the  right  application  and  limitation  of  this  law 
involves  no  small  difficulty ;  and  in  this  ease,  as  m 
all  advances  in  physical  science,  we  cannot  but  wish 
to  have  the  new  ground  which  has  been  gained, 
gone  over  by  some  other  person  in  some  other 
manner;  and  thus  secured  to  us  as  a  permanent 
possession. 

Samrfs  Laws. — In  what  has  preceded,  the 
vibrations  of  bodies  have  been  referred  to  certain 
general  classes^  the  separation  of  which  was  sug- 
gested by  obser^k-ation ;  for  example,  the  transvei'se. 
tovffiFufh'ml,  and  rota  1011/*^,  vibrations  of  rods.  The 
transverse  vibrations,  in  which  the  rod  goes  back- 
wards and  forwards  across  the  line  of  its  length, 
were  the  only  ones  noticed  by  the  earlier  acous- 
ticians: the  others  were  principally  brought  into 
notice  by  Chladni.  As  we  have  already  seen  in 
the  preceding  pages,  this  classitication  serves  to 
express  important  laws ;  as.  for  instanep,  a  law 
obtained  by  M.  Poisson  which  gives  the  relation  of 
"  Vibrations  toumantcs. 
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the  notes  produced  by  the  traiisveree  and  longi- 
tudinal vibrations  of  a  rod.  But  this  distinction 
was  employed  by  M.  Felix  Savart  to  express  laws  of 
a,  more  general  kind ;  and  then,  as  often  happens  ia 
the  progress  of  science,  by  pursuing  these  laws  to  a 
higher  point  of  generality,  the  distinction  again 
seemed  to  vanish.  A  very  few  words  will  explain 
these  steps. 

It  was  long  ago  known  that  vibrations  may  be 
communicated  bv  contact.  The  distinction  of  trans- 
verse  and  longitudinal  vibrations  being  established, 
Savart  found  that  if  one  rod  touch  another  perpen- 
dicularly, the  longitudinal  vibrations  of  the  first 
occasion  transverse  vibrations  in  the  second,  and 
pice  versa.  Tliis  is  the  more  remarkable,  since  the 
two  sets  of  vibrations  are  not  equal  In  rapidity,  and 
therefore  cannot  sympathize  in  any  obvious  man- 
oer".  Savart  found  himself  able  to  generalize  this 
proposition,  and  to  assert  that  in  any  combination 
of  rods,  strings,  and  laminae,  at  right  angles  to  each 
other,  the  longitudinal  and  transverse  vibrations 
affect  respectively  the  rods  m  the  one  and  other 
direction",  so  that  when  the  horizontal  rods,  for 
example,  vibrate  in  the  one  way,  the  vertical  rods 
vibrate  in  the  other. 

This  law  was  thus  expressed  in  terms  of  that 
classification  of  vibrations  of  which  we  have  spoken. 
Vet  we  easily  see  that  we  may  express  it  in  a  more 
general  manner,  without  referring  to  that  classitica- 

"  An.  Chim.  1819,  toiu.  xiv.  p.  1^8.  "  lb.  p.  152. 
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lion,  by  saying,  tliat  vibrations  are  commuuicattd 
so  as  always  to  be  parallel  to  their  original  direc-| 
tion.  And  by  following  it  out  in  this  shape  by 
means  of  experiment,  M,  Savart  was  leJ,  a  short 
time  afterwards,  to  deny  that  there  is  any  essential 
distinction  in  these  different  kinds  of  vibration. 
"We  are  thus  led,"  he  says'*  in  1822,  "to  consider 
normal  [transverse]  vibrations  as  only  one  cLreum- 
stancG  in  a  more  general  motion  common  to  all 
bodies,  analogfous  to  tangential  [longitudinal  and 
rotatory]  vibrations;  that  is,  as  produced  by  small 
fiwiendar  oscillations,  and  differently  modified  ac- 
cording to  the  direction  which  it  affects,  relatively 
to  the  dimensions  of  the  vibrating  body." 

These  "  inductions,"  as  he  properly  calls  them* 
are  supported  by  a  great  mass  of  ingenious  experi- 
ments; and  may  be  considered  as  well-established, 
when  they  are  limited  to  molecular  oscillations, 
employing-  this  phrase  in  the  sense  in  which  it  is 
understood  in  the  above  statement;  and  also  when 
they  are  confined  to  bodies  in  which  the  play  of 
elasticity  is  not  interrupted  by  parts  more  rigid 
than  the  rest,  as  the  sound-post  of  a  violin ".  And 
before  I  quit  the  subject,  I  may  notice  a  conse- 
quence which  M.  Savart  has  deduced  from  his 
views,  and  which,  at  first  sight,  appears  to  overturn 
most  of  the  earlier  doctrines  respecting  vibrating 

"  Ah.  Chim.  l,ixv.  p.33. 

"  ¥i.yt  tht'  sHggestinn  tif  thu   mtcessity   r>f   tills  liiiiiuiiuu   1 
•iin  iiidcbbcil  lu  Mr.  Willis. 
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bodies.  Ft  was  formerly  held  that  tense  strings  and 
elastic  rods  could  vibrate  only  in  a  d(^termiuate 
series  of  modes  of  division^  with  no  intermediate 
steps.  But  M.  Savart  maintains",  on  the  contrary, 
that  they  produce  sounds  which  are  gradually  trans- 
formed into  one  another,  by  indefinite  intermediate 
degrees.  The  reader  may  naturally  ask,  what  is  the 
solution  of  this  apparent  contradiction  between  the 
earliest  and  the  latest  discoveries  in  acoustics.  And 
the  answer  must  be,  that  these  intermediate  modes 
of  vibration  are  complex  in  their  nature,  and  diffi- 
cult to  produce;  and  that  those  which  were  for- 
merly believed  to  be  the  only  possible  vibrating 
conditions,  are  so  eminent  above  all  the  rest  by 
their  features,  their  simplicity,  and  their  facility, 
that  we  may  still,  for  common  purposes,  consider 
them  as  a  class  apart ;  although  for  the  sake  of 
reaching  a  general  theorem,  we  may  associate  them 
with  the  general  mass  of  cases  of  molecular  \ibra- 
tJoDs.  And  thus  we  have  no  exception  here,  as  we 
can  have  none  in  any  case,  to  our  maxim,  that  what 
formed  part  of  the  early  discoveries  of  science, 
forms  part  of  its  latest  systems. 

We  have  thus  surveyed  the  progress  of  the 
science  of  sound  up  to  recent  times,  with  respect 
both  to  the  discovery  of  laws  of  phenomena,  and 
the  reduction  of  these  to  their  mechanical  causes. 
The  former  branch  of  the  science  has  necessarily 
been  inductively  pursued ;  and  therefore  has  been 

"  An.  Cfiim.  1826,  t.  zoii.  p..%4. 
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more  peculiarly  the  object  of  our  attention.  And 
this  consideration  will  explain  why  we  bave  not 
dwelt  more  upon  the  deductive  labours  of  the  great 
analysts  who  have  treated  of  this  problem. 

To  those  who  are  acquainted  with  the  high  and 
deserved  fame  which  the  labours  of  D'Alembert, 
Euler,  Lagi-angG,  and  others,  upoo  this  subject, 
enjoy  among  mathematicians,  it  may  seem  a&  if  we 
had  not  given  them  their  due  prominence  in  our 
sketch.  But  it  is  to  be  recollected  here,  as  we  have 
already  observed  in  the  case  of  by(irod}'namics,  that 
even  when  the  general  prinraples  are  uncontested* 
mere  mathematical  deductions  from  them  do  not 
belong  to  the  history  of  physical  science,  except 
when  they  point  out  laws  which  are  intermediate 
between  the  general  principle  and  the  individuai 
facts,  and  which  observation  may  confirm. 

The  business  of  constructing  any  science  may  be 
figured  as  the  task  of  fomiing  a  road  on  which  our 
reason  can  travel  through  a  certain  province  of  the 
external  world.  We  have  to  throw  a  bridge  which 
may  lead  from  the  chambers  of  our  own  thoughts, 
from  our  speculative  principles,  to  the  distant  diore 
of  material  fact£.  But  in  all  eases  the  abyss  is  too 
fride  to  be  crossed,  escept  we  can  find  some  inter- 
mediate points  on  which  the  piers  of  oiu"  structure 
may  rest.  Mere  facts,  without  connexion  or  law, 
are  only  the  rude  stones  hewn  from  the  opposite 
bank,  of  which  our  arches  may.  at  some  time,  be 
btult.     But  mere  hypothetical  mathematical  calcu- 
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lations  are  onlj  plan^  of  projected  structures ;  and 
those  plaus  which  exhibit  only  one  vast  and  single 
arch,  or  which  suppose  no  support  but  that  which 
our  own  position  supplies,  will  assuredly  n^ver 
become  realities.  We  must  have  a  firm  basis  of 
intermediate  generalizations  in  order  to  frame  a 
continuous  and  stable  edifice. 

In  the  subject  before  us,  we  have  no  want  of 
such  points  of  intermediate  support,  although  they 
are  in  many  instances  irregularly  distributed  and 
obscurely  seen.  The  number  of  observed  laws  and 
relations  of  the  phenomena  of  sound,  is  already  very 
great;  and  though  the  time  may  be  distant,  there 
seems  to  be  no  reason  to  despair  of  one  day  uniting 
them  by  clear  ideas  of  mechanical  causation,  and 
thus  of  making  acoustics  a  perfect  secondary  me- 
chanical science. 

The  historical  sketch  just  given  includes  only 
such  parts  of  acoustics  as  have  been  in  some  degree 
reduced  to  general  laws  and  physical  causes;  and 
thus  excludes  much  that  is  usually  treated  of  under 
that  head.  Moreover,  many  of  the  numerical  calcu- 
lations connected  with  sound  belong  to  its  agree- 
able effect  upon  the  car ;  as  the  properties  of  the 
various  systems  of  Tempera fuent.  These  are  parts 
of  Theoretical  Music,  not  of  Acoustics ; — of  the 
Philosophy  of  the  Fine  Arts,  not  of  Physical 
Science;  and  may  be  referred  to  in  a  future  portion 
of  this  work,  so  far  as  they  bear  upon  our  object. 
The  science  of  Acoustics  may,  however,  properly 
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consider  other  differences  of  sound  thau  those  of 
acute  and  grave, — for  instance,  the  articulate  dif- 
ferences, or  those  by  which  the  various  letters  are 
formed.  Some  progress  has  been  made  in  reducing 
this  part  of  the  subject  to  general  rules;  for  though 
Kempelen's  "talking  machitie"  was  only  a  work  of 
art,  Mr.  Willis's  machine'",  which  exhibits  the  rela- 
tion among  the  vowels,  gives  us  a  law  such  as  forms 
a  step  in  science.  We  may,  however,  consider  this 
instrument  as  a  phthofij/onu'ter.  or  measure  of  vowel 
quality;  and  in  that  point  of  view  we  shall  have  to 
refer  to  it  again  when  we  come  to  speak  of  such 
measures. 

"*  On  the  Vov?eI  Sounds,  ilnd  oil  Reed  OigftD-|}ipe8.     C6$m6. 
Tranr.  vi.  937. 


NOTE  TO  BOOK  VIII. 

(cA.)  p.  347.  It  appears  to  follow,  from  Mr.  J.  S. 
Hufiaell''8  recent  investigations  respooting  waves,  that  the 
cotnparJBOD  of  the  motion  of  the  air  in  the  difiu^ioD  of 
sound  with  the  motion  of  a  circular  wave  in  water,  men- 
tioned page  340,  m  not  exact.  The  latter  waves  are  thd 
oacillating  waves  of  the  Second  Order,  atid  are  gr^arioxu. 
The  sound  wave  appear*  rather  to  resemble  the  gTe.»t 
solitary  wave  of  translation  of  the  Fii-at  Order.  See  Mr. 
RuBBoU'e  Bqiort,  Brit.  As.  Heporig  for  1844,  p.  361. 
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Formal  and  Physical  Ojtics. 

THE  history  of  the  science  of  Optics,  written  at 
length,  would  be  very  voluminous ;  but  we 
shall  not  need  to  make  our  history  so;  since  our 
main  object  is  to  illustrate  the  nature  of  science  and 
the  couditions  of  its  progress.  In  this  way  Optics 
is  peculiarly  instructive ;  the  more  so,  as  its  history 
has  followed  a  course  in  some  respects  difieretii 
&om  both  the  sciences  previously  reviewed.  As- 
tronomy, as  we  have  seen,  advanced  with  a  steady 
and  continuous  movement  from  one  generation  to 
another,  from  the  earliest  time,  till  her  career  was 
crowned  by  the  great  unforeseen  discovery  of  New- 
i'ton ;  Acoustics  had  her  extreme  generalization  in 
view  from  the  first,  and  her  history  consists  in  the 
correct  application  of  it  to  successive  problems ; 
Optics  advanced  through  a  scale  of  generalizations 
ag  remarkable  as  those  of  Astronomy ;  but  for  a  long 
period  she  was  almost  stationary;  and,  at  last,  was 
irapidly  impelled  through  all  those  stages  by  the 
energy  of  two  or  throe  discoverers.  The  highest 
point  of  generality  which  Optics  has  reached  is  little 
diiffereiit  from  that  which  A<^oustic8  occupied  at 
once;  but  in  the  older  and  earlier  science  we  still 
want  that  palpable  and  pointed  confirmation  of  the 
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general  principle,  which  the  undulatory  theory  re- 
ceives from  optical  phenomena.  Astronomy  has 
amassed  her  vast  fortune  by  longHjontinued  in- 
dustry and  labour ;  Optics  has  obtained  hers  in  a 
few  years  by  sagacious  and  happy  speculations: 
Acoustics,  having  early  acquired  a  competence,  has 
since  been  employed  rather  in  improving  and  adorn- 
ing than  In  extending  her  estate. 

The  successive  inductions  by  which  Optics  made 
her  advances,  might,  of  course,  be  treated  in  the 
same  manner  as  those  of  Astronomy,  each  having 
its  prelude  and  its  sequel.  But  most  of  the  dis- 
coveries in  Optics  are  of  a  smaller  character,  and 
have  less  employed  the  minds  of  men,  than  those 
of  Astronomy ;  and  it  will  not  be  necessary  to  ex- 
hibit them  in  this  detailed  manner,  till  wg  come 
to  the  great  generalization  by  which  the  theory  was 
established.  I  shall,  therefore,  now  pass  rapidly  in 
review  the  earlier  optical  discoveries,  without  any 
such  division  of  the  series. 

Optics,  like  Astronomy,  has  for  its  object  of  in- 
quiry, first,  the  laws  of  phenomena,  and  next,  their 
causes ;  and  we  may  hence  divide  this  science, 
like  the  other,  into  Fafjtial  Optics  and  Phi/sical 
Optics.  The  distinction  is  clear  and  substantive, 
but  it  is  not  easy  to  adhere  to  it  in  our  narrative ; 
for,  after  the  theory  had  begun  to  make  its  rapid 
advance,  many  of  the  laws  of  phenomena  were 
studied  and  discovered  in  immediate  reference  to 
the  theoretical  cause,  and  do  not  occupy  a  separate 
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phicc  in  the  history  of  science,  as  in  astronomy 
they  do.  We  may  add,  that  the  reason  why  For- 
mal Astronomy  was  almost  complete  before  Phy- 
sical Astronomy  began  to  exist,  was,  that  it  was 
necessary  to  construct  the  science  of  Mechanics  in 
the  mean  time,  in  order  to  be  able  to  go  on; 
whereas,  in  Optics,  mathematicians  were  able  to 
calculate  the  results  of  the  undulatory  theory  as 
soon  as  it  had  suggested  itself  from  the  earlier 
facts,  and  while  the  great  mass  of  facts  were  only 
becoming  known. 

We  shall,  then,  in  the  first  nifie  chapters  of  the 
History  of  Optics,  treat  of  the  Formal  Science,  that 
is,  the  discovery  of  the  laws  of  phenomena.  The 
classes  of  phenomena  which  wiU  thus  pass  under 
our  notice  are  numerous;  namely,  reflection,  refrac- 
tion, chromatic  dispersion,  achromatization,  double 
refraction,  polarization,  dipolarization,  the  colours 
of  thin  plates,  the  colours  of  thick  plates,  and  the 
fringes  and  bands  which  accompany  shadows.  All 
these  cases  had  been  studied,  and,  in  most  of  them, 
the  laws  had  been  in  a  great  measure  discovered, 
before  the  physical  theory  of  the  subject  gave  to 
our  knowledge  a  simpler  and  more  solid  form. 
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CHAPTER  I. 

Primary  Induction  of  Optics. — Rays  of  Light 
ANi>  Laws  of  Reflection. 

IN  speaking  of  the  Ancient  History  of  Physics, 
we  have  already  noticed  that  the  optical  philo- 
sophers of  antiquity  had  satisfied  themselves  that 
vision  is  performed  in  straight  lines; — that  they 
had  fixed  their  attention  upon  those  straight  lines, 
or  rays^  as  the  proper  object  of  the  science ; — they 
had  ascertained  that  rays  reflected  from  a  bright 
surface  make  the  angle  of  refiection  equal  to  the 
a%gh  of  ineidenes ; — and  they  had  drawn  several 
consequences  from  these  principles. 

We  may  add  to  the  consequences  already  men- 
tioned, the  art  of  perspective,  which  is  merely  a 
corollary  from  the  doctrine  of  rectilinear  visual 
rays;  for  if  we  suppose  objects  to  be  referred  by 
such  rays  to  a  plane  interposed  between  them  and 
the  eye,  all  the  rules  of  perspective  follow  directly. 
The  ancients  practised  this  art,  as  we  see  in  the 
pictures  which  remain  to  us;  and  we  learn  from 
Vitruvius',  that  they  also  wrote  upon  it.  Aga- 
'  De  Arch.  ix.    Mont  i.  707. 
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tharchus,  who  had  been  instructed  by  Eschylus  in 
the  art  of  making  decorations  for  the  theatre,  was 
the  first  author  on  this  subject,  and  Anaxagoras, 
who  was  a  pupil  of  Agatharchus.  also  wrote  au 
Aciinographia,  or  doctrine  of  drawing  hy  raye; 
but  none  of  these  treatises  are  corao  down  to  us. 
The  modems  re-invented  the  art  in  the  flourishing 
times  of  their  painting,  that  is,  about  the  end  of 
the  fifteenth  century ;  and,  belonging  to  that  period 
also,  we  have  treatises*  upon  it. 

But  these  are  only  deductive  applications  of  the 
most  elementary  optical  doctrines;  we  must  pro- 
ceed to  the  inductions  by  which  fiirther  discoveries 
were  made, 

'  QauricnR,  1.104. 
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CHAPTER  11. 
DiaCOVEIlY   OF   THE    LAW   OF  REFRACTION. 

WE  have  seen  in  the  former  part  of  this  history 
that  the  Greeks  had  formeJ  a  tolerably  clear 
conception  of  the  retVactiou  as  well  as  the  reflexion 
of  the  rajs  of  light;  and  that  Ptolemy  had  mea- 
sured the  amoimt  of  refraction  of  glass  and  water 
at  various  angles.  If  we  give  the  names  of  the 
/ififfle  qf  incidences  and  the  angle  of  refrar.tion  re- 
spectively to  the  angles  which  a  ray  of  light  makes 
with  the  line  perpendicular  to  surface  of  glass  or 
water  (or  any  other  medium)  within  and  without 
the  medium,  Ptolemy  had  observed  that  the  angle 
of  refraction  is  always  less  than  the  angle  of  inci- 
dence, lie  had  supposed  it  to  he  less  in  a  given 
proportion,  but  this  opinion  is  false;  and  was  after- 
wards rightly  denied  by  the  Arabian  mathematician 
Aihazen.  The  Optical  views  which  occur  in  the 
work  of  Aihazen  are  far  sounder  than  those  of  his 
predecessors;  and  the  book  may  be  regarded  as 
the  most  Considerable  monument  which  we  have 
of  the  scientific  genius  of  the  Arabians ;  for  it  ap- 
pears, for  the  most  part,  not  to  be  borrowed  from 
Greek  authorities.  The  author  not  only  asserts 
(lib.  vii.),  that  refraction  takes  place  towards  the 
perpendicular,   and  refers  to  experiment  for  the 
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truth  of  this;  and  tliat  the  quantities  uf  refraction 
differ  according  to  the  magnitudes  of  the  angles 
whieh  the  directions  of  the  incidental  rays  {privuxf 
Hnew)  make  with  the  perpendiculars  to  the  surface; 
but  he  also  says  distinctly  and  decidedly  that  the 
angles  of  refraction  do  not  follow  the  proportion 
of  the  angles  of  incidence  (da). 

This  was  an  Important  remark ;  and  if  it  had 
been  steadily  kept  in  mind,  the  next  thing:  to  be 
done  with  regard  to  refraction  was  to  go  on  ex- 
perimenting and  conjecturing  till  the  true  law  of 
refraction  was  discovered ;  and  in  the  mean  time  to 
apply  the  principle  as  far  as  it  was  known.  Alhazen, 
though  he  gives  directions  for  making  experimental 
measures  of  refraction,  does  not  give  any  Table 
of  the  results  of  such  experiments,  as  Ptolemy  had 
done.  Vitello,  a  Pole,  who  in  the  thirteenth  cen- 
tury published  an  extensive  work  upon  Optics,  does 
give  such  a  table;  and  asserts  it  to  be  deduced 
frran  experiment,  as  I  have  already  said,  {vol.  I. 
p.  117).  But  this  assertion  is  still  liable  to  doubt 
in  con.sequence  of  the  table  containing  impossible 
observations  (ea). 

The  principle  that  a  ray  refracted  in  glass  or 
water  is  turned  towards  the  perpendicular,  without 
knowing  the  exact  law  of  refraction^  enabled  ma- 
theniatieians  to  trace  the  effects  of  transparent 
bodies  in  various  cases.  Thus  in  Roger  Bacon's 
works  we  Knd  a  tolerably  distinct  explanation  of 
the  effect  of  a  convex  glass;  and  in  the  worii 
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Vitello  the  effect  of  refraction  at  the  two  surfaces 
of  a  glass  globe  is  clearly  traced. 

Notwithstanding  Alhazen's  assertion  of  the  con- 
trary, the  opinion  was  still  current  among  mathe- 
maticians that  the  angle  of  refraction  was  pro- 
portional to  the  angle  of  incidence.  But  when 
Kepler's  attention  was  drawn  to  the  subject,  he  saw^ 
that  this  was  plainly  ineoDsistent  with  the  obser- 
vations of  Vitello  for  large  angles;  and  he  convinced 
himself  by  his  own  experiments  that  the  law  was 
something  different  from  the  one  commonly  sup- 
posed. The  discovery  of  the  true  law  excited  in 
him  an  eager  curiosity;  and  this  point  had  the 
more  interest  for  him  in  consequence  of  the  intro- 
duction of  a  correction  for  atmospheric  refraction 
into  astronomical  calculations  by  Tyeho,  and  of  the 
invention  of  the  telescope.  In  his  Supplement 
to  Viteilo,  published  in  1604,  Kepler  attempts  to 
reduce  to  a  rule  the  measured  quantities  of  refrac- 
tion. The  reader  who  recollects  what  we  have 
already  narrated,  the  manner  in  which  Kepler  at- 
tempted to  reduce  to  law  the  astronomical  observa- 
tions of  Tycho, — devising  an  almost  endless  variety 
of  possible  formulse,  tracing  their  consequences  with 
undaunted  industry,  and  relating,  with  a  vivacious 
garrulity,  his  disappointments  and  his  hopes, — will 
not  be  surprized  to  find  that  he  proceeded  in  the 
same  manner  with  regard  to  the  Tables  of  Ob- 
served Refractions.  He  tried  a  variety  of  construc- 
tions by  triangles,  conic  sections,  &c.,  without  being 
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able  to  satisty  liiuiself;  and  he  at  last'  is  obliged 
to  content  himself  with  an  approximate  rule,  which 
makes  the  refraction  partly  proportional  to  the 
angle  of  incidence,  and  partly,  to  the  secant  of  that 
angle.  In  this  way  he  satisfies  the  observed  re- 
fractions within  a  difference  of  less  than  half  a 
degree  each  way.  Whtrn  we  consider  how  simple 
the  law  of  refraction  is.  (that  thy  ratio  of  the 
sines  of  the  angles  of  incidence  and  refraction  is 
constant  for  the  same  medium,)  it  appears  strange 
that  a  person  attempting  to  discover  it,  and  draw- 
ing triangles  for  the  purpose,  should  fail ;  but  this 
lot  of  missing  what  afterwards  seems  to  have  been 
obvious,  is  a  common  one  in  the  pursuit  of  truth. 

The  person  who  did  discover  the  Law  of  the 
Sines,  was  Willebrord  Snell,  about  1621 ;  hut  the 
law  was  first  published  by  Descartes,  who  had  seen 
Snell's  papers'.  Descartes  does  not  acknowledge 
this  law  to  have  been  first  detected  by  another ; 
and  after  his  manner,  instead  of  establishing  its 
reality  by  reference  to  experiment,  he  pretends  to 
prove  a  priori  that  it  must  be  true',  comparing. 
for  this  purpose,  tlie  particles  of  light,  to  balls 
striking  a  substance  which  accelerates  them  (fa). 

But  though  Descartes  does  not,  in  this  instance, 
produce  any  good  claims  to  the  character  of  an 
inductive  philosopher,  he  showed  considerable  skill 
in  tracing  the  consequences  of  the  principle  when 


L.  IT.  K.  Life  of  Kepler,  p.  1 15, 
Huyghnns,  Dioplrica^  p.  2. 
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once  adopted.     In  particular  we  must  consider  hini 
as  the  genuine  author  of  the  explanation  of  the 
rainbow.     It  is  true,  that  Fleischer'  and  Kepler 
had  previously  ascribed  this  phenomenon  to  the  rajs 
of  sunlight  which,    falling    on   drops  of  rain,  are 
refracted  into  each  drop,  reflected  at  its  inner  sur- 
face, and  rsfracted  out  again :  Antonio  de  Dominis 
had  found  that  a  glass  globe  of  water,  when  placed 
in  a  particular  position  with  re&pect  to  the  eye, 
exhibited  bright  colours ;  and  had  hence  explained 
the  circular  form  of  the  bow,  which^  indeed,  Arifr- 
totle  had  done  before'.     But  none  of  these  writers 
had  shown  why  there   was  a  narrow  bright  circle 
of  a  definite  diameter ;  for  the  drops  which  send 
rays  to  the  eye  after  two  refractions  and  a  reflec- 
tion, occupy  a  much  wider  space  in  the  heavens. 
Descartes  assigned  the  reason  for  this  in  the  most 
Satisfactory   Inanner^    by   showing   that    the    rays 
which,  after  two  refractions  and  a  reflection,  come 
to  the  eye  at  an  angle  of  about  forty-one  degrees 
with  their  original  direction,  are  far  more  dense 
than  those  in  any  other  position.     He  showed,  in 
the  same  manner,  that  the  existence  and   position 
of  the  $ec(ynd(iry  hmn  resulted  from  the  same  laws. 
This  is  the  complete  and  adequate  account  of  the 
state  of  things,  so  fax  as  the  brightness  of  the  bows 
only  is  concerned ;  the  explanation  of  the  colours 
belongs  to  the  next  article  of  our  survey. 


Mont.  i.  701. 

Meleortinij  cap.  viii.  p.  l£)fj. 


Meleoral.  iii.  3, 
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The  explanation  of  the  rainbow  anJ  of  its  mag- 
nitude, afforded  by  SnelFs  law  of  sines,  was  perhaps 
one  of  the  leading  points  in  the  verification  of  the 
law.  The  principle,  being  once  established,  was 
applied,  by  the  aid  of  mathematical  reasoning,  to 
atmospheric  refractions,  optical  instruments,  dia- 
cattstic  curves,  (that  is,  the  curves  of  intense  light 
produced  by  refraction,)  and  to  various  other  cases; 
and  was,  of  course,  tested  and  confirmed  by  such 
applications.  It  was,  however,  impossible  to  pursue 
these  applications  far,  without  a  due  knowledge  of 
the  laws  by  which,  in  such  cases,  colours  are  pro- 
duced.   To  these  we  now  proceed. 
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Refkaction. 

EARLY  attempts  were  made  to  account  for  the 
colours  of  the  rainbow,  and  various  other 
phenomena  in  which  colours  are  seen  to  arise  from 
transient  and  unsubstantial  combinations  of  media. 
Thus  Aristotle  explains  the  colours  of  the  rainbow 
by  supposing'  that  it  is  light  seen  through  a  dark 
medium :  *'  Now/'  says  he,  "  the  bright  seen  through 
the  dark  appears  red,  as,  for  instance,  the  fire  of 
green  wood  seen  through  the  smoke,  and  the  sun 
through  mist.  Also"  the  weaker  Is  the  light,  or 
the  visual  power,  and  the  nearer  the  colour  ap- 
proaches to  the  black;  becoming  first  red,  then 
green,  then  purple.  But"  the  vision  is  strongest  in 
the  outer  circle,  because  the  periphery  is  greater ; 
— thus  we  shall  have  a  gradation  from  red,  through 
groeu,  to  purple,  in  passing  from  the  outer  to  the 
inner  circle."  Tliis  account  would  hardly  have 
deserved  much  notice,  if  it  had  not  been  for  a 
strange  attempt  to  revive  it,  or  something  very  like 
it,  in  modern  times.  The  same  doctrine  is  found 
in  the  work  of  De  Dominis',  According  to  him, 
light  is  white:  but  if  we  mix  with  the  light  some- 

'  Metcar.  iii.  3.  p.  373.         '  II'.  p.  374.         '   !b.  p.  375. 
*  Cap.  iii.  p-  0-     8cic  nUo  fiothc  Fartterit.  toI.  ii.  p,  251. 
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tiling  dark,  the  colours  arise, — first  red,  thsn  green, 
then  blue  or  violet.  He  apjilies  this  to  explain  the 
colours  of  the  rainbow'',  by  means  of  the  consi- 
deration that,  of  the  rays  which  come  to  the  eye 
from  the  globes  of  water,  some  go  through  a  larger 
thickness  of  the  globe  than  others,  whence  he  ob- 
tains the  gradation  of  colours  just  described. 

Descartes  came  iar  nearer  the  true  phikisophy 
of  the  iridal  colours.  He  found  that  a  similar 
series  of  colours  was  produced  by  refraction  of  light 
bounded  by  shade,  through  a  prism";  and  he  rightly 
inferred  that  neither  the  curvature  of  the  surface 
of  the  drops  of  water,  nor  the  reflection,  nor  the 
repetition  of  refraction,  were  necessary  to  the  gene- 
ration of  such  colours.  In  further  examining  the 
course  of  the  rays,  he  approaches  very  near  to  the 
true  conception  of  the  case  ;  and  we  are  led  to 
believe  that  he  might  have  anticipated  Newton  in 
his  discovery  of  the  unequal  refrangibility  of  dif- 
ferent colours,  if  it  had  been  possible  for  him  to 
reason  any  otherwise  than  in  the  terms  and  notions 
of  his  preconceived  hj-pothescs.  The  conclusion 
which  he  draws  is",  that  *'  the  particles  of  the  subtile 
matter  which  transmit  the  action  of  light,  endeavour 
to  rotate  with  so  great  a  force  and  impetus,  that 
they  cannot  move  in  a  straight  line  (whence  comes 
refraction) :  and  that  those  particles  which  endea- 
vour to  revolve  much  more  strongly  produce  a  red 
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colour,  those  which  ondeavour  to  move  only  a  little 
more  stronglj  produce  ^yellow."  Here  we  have  a 
■cl^jar  peroGption  that  colours  and  unequal  refrac- 
tion are  connected,  though  the  cause  of  refraction 
is  expressed  by  a  gratuitouij  hypothesis.  And  we 
may  add,  that  he  applies  this  notion  rightly,  so  far 
as  he  explains  himself*,  to  account  for  the  colours  _ 
of  the  rainbow.  ^^M 

It  appears  to  me  that  Newton  and  others  have 
done  Descartes  injustice,  in  ascribing  to  De  Doniinis 
the  true  theory  of  the  rainbow.  There  are  two 
main  points  of  this  theory^  namely,  the  showing 
that  a  bright  circular  band,  of  a  certain  definit* 
diameter,  arises  from  the  great  intensity  of  the  Jight 
returned  at  a  certain  angle  ;  and  the  referring  the 
different  mhurs  to  the  difft^rtiH  ffnmitity  of  the  re- 
fraction ;  and  both  these  steps  appear  indubitably 
to  be  the  discoverios  of  Descartes.  And  he  informs 
us  that  those  discoveries  were  not  made  without 
some  exertion  of  thought.  "  At  first,"  he  says', 
"  I  doubted  whether  the  irida!  colours  were  pro- 
duced ill  the  same  way  as  those  in  the  prism  ;  but, 
at  last,  taking  my  pen,  and  carefully  calculating 
the  course  of  the  rays  which  fall  on  each  part  of 
the  drop,  I  found  that  many  more  come  at  an  angle 
of  forty-one  degrees,  than  either  at  a  greater  or  a 
less  angle.  So  that  there  is  a  bright  bow  termi- 
nated by  a  shade ;  and  hence  the  colours  are  the 
same  as  those  produced  through  a  prism." 

"  Mtlfor.  Sect.  ix.  •  Scrt.  \x.  1).  J93. 
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The  subject  was  left  nearly  in  the  same  state, 
in   the   work   of  GriraaldL,   P/if/i'iro-Afaiftesii^,    de 
Ltinime,  Cdot-ilus  et  Iride,  published  at  Bologna 
in  1665.     There  is  in  this  work  a  constant  refer- 
ence to   numerous  experiments,  and  a  systematic 
exposition  of  the  science  in  an  improved  state.  The 
author's  ealcutatJons  concerning  the  rainbow  are 
put  in  the  same  form  as  those  of  Descartes ;  but 
he  is  further  from  seizing  the  true  principle  on 
which  its  coloration  depends.     He  rightly  groups 
together  a  numl>er  of  experiments  in  which  colours 
arise  from  refraction '";  and  explains  them  by  say- 
that  the  colour  is  brighter  where  the  light  is 
iser ;  and  the  light  is  denser  on  the  side  from 
which  the  refraction  turns  the  ray,  because  the  in- 
crements of  refraction  are  greater  in  the  rays  that 
are  more  inclined^'.    This  way  of  treating  the  ques- 
tion might  be  made  to  give  a  sort  of  explanation  of 
,  most  of  the  facts,  but  is  much  more  erroneous  than 
[a  developement  of  Descartes's  view  would  have  been. 
At  Icn^h,  in  1672,  Newton  gave'^  the  true  ex- 
planation of  the  facts ;  namely,  that  light  consists 
[of  rays  of  different  colours  and  different  refrangi- 
I  bility.     This  now  appears  to  us  so  obvious  a  mode 
'  of  interpreting  the  phenomena,  that  we  can  hardly 
understand  how  they  can  be  conceived  in  any  other 
I  manner;    hut  yet  the  impression   which   this   dis- 
U»¥ery  raade^  both  upon  Newton  and  upon 
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tcmporariL's,   shows  how   remote  it  was  from   tl 
then  accepted  opinions.     There  api)oars  to  have 
beeu  a  general  persuasion  that  the  coloration  was 
produced,  not  bj  any  peculiarity  in  the  law  of  re- 
fraction itself,  but  by  some  collateral  circumstanc 
— some  dispersion  or  variation  of  density  of  t\ 
light,  in  addition  to  the  refraction.     Newton's  dU 
eovery  consisted  in  teaching;  distinctly  that  the  law 
of  refraction  was  to  be  applied,  not  to  the  beam  O^M 
light  ill  gcncrtil,  but  to  the  colours  in  particular.     ^ 

When  Newton  produced  a  bright  spot  on  the 
wall  of  his  clianiber,  by  admitting  the  sun's  Mght  , 
through  a  small  hole  in  his  window -shutter,  am^f 
making  it  pass  through  a  prism,  he  expected  the 
image  to  bo  round ;  which,  of  course,  it  ivould  have 
been,  if  the  colours  had  been  produced  by  an  equal 
dispersion  in  all  directions ;  but  to  his  surprize  he 
saw  the  image,  or  spcrtntm,  five  times  as  long  as 
broad.  lie  found  that  no  consideration  of  the  dii 
ferent  thickness  of  the  glass,  the  possible  imeve 
ness  of  its  surface,  or  the  different  angles  of  ray^ 
proceeding  from  the  two  sides  of  the  sun,  could  be 
the  cause  of  this  shape.  He  found,  also,  that  the 
rays  did  not  go  from  the  prism  to  the  image  in 
curves;  he  was  then  convinced  that  the  diffbreut 
colours  were  refracted  separately,  and  at  different 
angles;  and  ho  confirmed  this  opinion  by  trans- 
mitting and  refracting  the  rays  of  each  coloi 
separately. 


The  expuriments  are  so  easy  and  eomiiiuii,  ami 
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NewtoDs  interpretation  oi'  them  so  simple  and 
evident,  that  wc  might  have  expected  it  to  receive 
general  assent;  indeed,  as  we  have  shown,  Descartes 
had  alread}-  beeni  led  very  near  the  same  point.  In 
fact,  Newton's  opinions  were  not  long  in  obtaining 
general  acceptance;  but  they  met  with  enough  of 
cavii  and  misapprehension  to  annoy  extremely  the 
discoverer,  whose  clear  views  and  quiet  temper 
made  him  impatient  alike  of  stupidity  and  of  con- 
tentiousness. 

We  need  not  dwell  long  on  the  early  objections 
which  were  made  to  Newton's  doctrine.  A  Jesuit, 
of  the  name  of  Ignatius  Pardies,  professor  at  Cler- 
mont, at  first  attempted  to  account  for  the  elonga- 
tion of  the  image,  by  the  difference  of  the  angles 
made  by  the  rays  from  the  two  edges  of  the  sun, 
which  would  produce  a  difference  in  the  amount  of 
refraction  of  the  two  borders;  but  when  Newton 
pointed  out  the  calculations  which  showed  the  in- 
sufficiency of  this  explanation,  he  withdrew  his 
Opposition.  Another  more  pertinacious  opponent 
appeared  in  Francis  Linus,  a  physician  of  Liege; 
who  maintained,  that  having  tried  the  experiment, 
he  found  the  sun's  image,  when  the  sky  was  clear, 
to  be  round  and  not  oblong;  and  he  ascribed  the 
elongation  noticed  by  Newton,  to  the  effect  of  clouds. 
Newton  for  some  time  refused  to  reply  to  this  con- 
tradiction of  his  assertions,  though  obstinately  pei*- 
sisted  in;  and  his  answer  was  at  last  sent,  just 
about  the  time  of  Linus's  death,  in  1 075.     But  Gas- 
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coigne,  a  friend  of  Linus,  still  maintained  that  he 
and  others  had  seen  what  the  Dutch  physician  ba 
described;  and  Newton,  who  was  pleased  with  tl; 
candour  of  Gascoigne's  letter,  suggested  that  th( 
Dutch  experimenters  might  have  taken  one  of  th« 
images  reHccted  from  the  surfaces  ol'  the  prism, 
which  there  are  several,  instead  of  the  proper  k 
fi-acted  one.    By  the  aid  of  this  hint,  Lucas  of  Lit^e 
repeated  Newton's  experiments,  and  obtained  New*M 
ton's  result,  except  that  he  never  could  obtain  it 
spectrum  whose  length  was  more  than  three  and  a 
half  times  its  breadth.     Newton,  on  his  side,  per-_ 
sisted  in  assertiag  that  the  image  would  be  fii 
times  as  long  as  broad,  if  the  experiment  wei 
properly  made.     It  is  curious  that  he  should  have 
been  so  confident  of  this,  as  to  conceive  himself  cer-' 
tain  that  such  would  be  the  result  in  all  cases.    W^^ 
now  know  that  the  dispersion,  and  consequently  thflH 
length,  of  the  spectrum^  is  very  different  for  different 
kinds  of  glass,  and  it  is  very  probable  that  tl 
Dutch  prism  was  really  less  dispersive  than  th< 
English   one'".     The   erroneous   assumption   which'' 
Neivton  made  in  this  instance,  he  held  by  to  thf 
last ;  and  was  thus  prevented  from  making  the  dia 
covery  of  which  we  have  next  to  speak. 

Newton  was  attacked  by  persons  of  more  impoc 
tance  than  those  we  have  yet  mentioned ;  namely, 
Hooke  and  Huyghens.     These  philosophers,   iiow- 
ever.  tUd  not  object  so  much  to  the  laws  of  refra 
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tion  of  different  colours,  as  to  some  expressions 
used  hy  Newton,  wliicli.  they  conceived,  conveyed 
false  notions  respecting  the  composition  and  nature 
of  light.  Newton  had  asserted  that  al!  the  diHeront 
colours  are  of  distinct  kinds,  and  that,  hy  their 
composition,  they  fonii  white  lijafht.  This  is  true  of 
colours  as  far  as  their  analysis  and  composition  by 
refraction  are  concerned;  but  Hooke  maintained 
that  all  natural  colours  are  produced  by  various 
combinations  of  two  primary  ones,  red  and  violet'*; 
and  lliiyghens  held  a  similar  doctrine,  taking,  how- 
ever, yellow  and  blue  for  his  basis.  Newton  an- 
swers, that  such  compositions  as  they  speak  o^  are 
not  compositions  of  simple  colours  in  his  sense  of 
the  expressions,  These  writers  also  had  both  of 
them  adopted  an  opinion  that  light  consisted  in 
vibrations;  and  objected  to  Newton  that  his  lan- 
guage was  erroneous,  as  invoh-ing  the  hj-pothesis 
that  light  was  a  body.  Newton  appears  to  have 
had  a  borrour  of  the  word  hyj>othesis.  and  protests 
against  its  being  supposed  that  his  "theory"  rests 
Qu  such  a  foundation. 

The  doctrine  of  the  unequal  refrangibility  of 
different  rays  is  clearly  exemplified  in  the  effects  of 
lenses,  which  produce  images  more  or  loss  bordered 
with  colour,  in  consequence  of  this  property.  The 
improvement  of  telescopes  was,  in  Newton's  time, 
the  great  practical  motive  for  aiming  at  the  improve- 
ment of  theoretical  optics.  Newton's  theory  showed 
"  Brcwstpr'ia  Newlwr  j>.54.     Pfiif.  Tmns.  viii.  rj0I14,  HOHfi. 


390 


HISTORY  OF  OPTICS. 


why  they  were  imperfect,  namely,  in  consequence 
the  different  refraction  of  different  colours,  which 
produces  a  chrovutttc  aberration :  and  the  theor^^ 
was  confirmed  by  the  circumstances  of  such  imper- 
fections. The  false  opinion  of  which  we  have 
already  spoken,  that  the  dispersion  must  be  the. 
same  when  the  refraction  is  the  same,  led  him 
believe  that  the  imperfection  was  insurmouutable,- 
tliat  ackromatic  refraction  could  not  be  obtainedl 
and  this  view  made  him  turn  his  attention  to  th( 
construction  of  reflecting  in-stead  of  refracting  tel&? 
scopes.  But  the  rectification  of  Newton's  errour 
was  a  further  confirmation  of  the  general  truth  of 
his  principles  in  other  respects ;  and  since  that 
time,  the  soundness  of  the  Newtonian  law  of  refrac- 
tion hjis  hardly  been  questioned  among  physical 
philosophers.  ^ 

It  has,  however,  in  modem  times,  been  ver^ 
vehemently  controverted  in  a  quarter  from  which 
we  might  not  readily  have  expected  a  detailed  diflfl 
cussion  on  such  a  subject.     The  celebrated  Gothe 
has  written  a  work  on  The  Doctrine  of  Colouv^^ 
{FurhenUhre ;  Tubingen.  1810J  one  main  piirpo^^ 
of  which  is,  to  represent  Newton's  opinions  and  theTj 
work  in   which   they  are  formally  published  (h^^ 
Opficks,)  as  utterly  false  and  mistaken,  and  capable 
of  being  assented  to  only  by  the  most   blind  and 
obstinate   prejudice.      Those   who  are   acquainted 
with  the  extent  to  which  such  an  opinion,  promul- 
gated by  Gtjthc,  was  likely  to  be  widely  adopted  it 
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Germany^  will  not  bo  surprized  that  similar  lan- 
guage is  used  hy  other  writers  of  that  nation.    Thus 
Schelliug'*  says,  "Newton's  0]4irks  is  the  greatest 
proof  of  a  whole  structure  of  fallacies,  which,  in  all 
its  parts,  is  founded  upon  observation  and  experi- 
ment."    Gothe,  however,  does  not  concede  even  so 
much  to  Newton's  work.     He  goes  over  a  large 
portion  of  it,  page  by  page,  quarreling  with  the 
experiments,    diagrams,    reasoning,    and    language, 
without  intermission;  and  holds  that  it  is  not  recon- 
cileable  with  the  most  simple  facts.     He  declares'*, 
that  the  first  time  he  looked  through  a  prism,  ho 
saw  the  white  walls  of  the  room  still  look  white, 
■'  and  though  alone,  I  pronounced,  as  by  an  instinct, 
that  the  Newtonian   doctrine  is   false."     Wo  need 
not  here  point  out  how  inconsistent  with  the  New- 
tonian doctrine  it  was,  to   expect,  as  Gutho  ex- 
pected, that  the  wall  should  be  all  over  coloured 
various  colours. 

Gothe  not  only  adopted  and  strenuously  main- 
tained the  opinion  that  the  Newtonian  theory  was 
false,  but  he  framed  a  f-ystem  of  his  own  to  explain 
the  phenomena  of  colour.  As  a  matter  of  curiosity, 
it  may  be  worth  our  while  to  state  the  nature  of 
this  system;  although  undoubtedly  it  forms  no  part 
of  the  pi'O'jress  of  physical  science  Giithe's  views 
jtre,  in  fact,  little  different  from  those  of  Aristotle 
and  Antonio  do  Dominis,  though  more  completely 
and  systematically  developed.  Colours  aj"is<'  nhcn- 
'•  l'urU.ittHpni.  p.  27<».  '"  Farbrnklirr,  sA.  ii   j.,  (T?!). 
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we  see  through  a  dim  medium  ("  ein  trtibes  mil 
tel").    Light  in  itself  is  colourless;  but  if  it  be  sec 
through  a  somewhat  dim  mediimi,  it  appears  yellow^ 
if  the  dininess  of  the  medium  increases,  or  if  itfi' 
depth  be   augmented,  we  see  the  light  gradually 
assume  a  yellow-red  colour,  which  finally  is  heights 
ened  to  a  ruby-red.     On  the  other  hand,  if  dark- 
uess  is  seeu  through  a  dim  mediium  which  is  ilh 
nated  by  a  light  falling  on  it,  a  blue  colour  is 
which   becomes   clearer  and    paler,  the  more  the' 
dimness  of  the  medium  increases,  and  darker  and 
fuller,  as  the  medium  becomes  more  transparent; 
and  when  we  come  to  "the  smallest  degree  of  thdj 
purest  dimness,"  we  see  the  most  perfect  violet". 
In  addition  to  this  "  doctrine  of  the  dim  medium,"|B 
we  have   a  second    priucipk^   asserted    concerning 
refraction.     In  a  vast  variety  of  cases,  images  are 
accompanied   by  "  accessory  images,"  as  when  we 
see  bright  objects  in  a  looking-glass '^     Now,  whei^ 
an  image  is  displaced  by  refraction,  the  displace- 
ment is  not  complete,  clear  and  sharp,  but  incom- 
plete,  so   that  there   is  an   accessory  imago  along 
with  the  principal   one''.     From  these   princijilea 
the  colours  produced  by  refraction  in  the  imago 
a  bright  object  on  a  dark  ground,  are  at  om 
derivable.  The  accessory  image  is  semitranspareut' 
and  hence  tliat  border  of  it  which  is  pushed  for 
wards,  is  drawn  irom  the  dark  over  the  bright, 
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there  the  yellow  apjioars;  on  the  other  hand,  where 
the  dear  border  laps  over  the  dark  ground^  the  blue 
is  seen'' ;  and  hence  we  easily  see  that  the  image 
must  appear  red  and  yellow  at  one  end,  and  blue 
and  violet  at  the  other. 

We  need  not  explain  this  system  fnrther,  or 
attempt  to  show  how  vague  and  loose,  as  well  as 
baseless,  are  the  notions  and  modes  of  conception 
which  it  introduces.  Perhaps  it  is  not  difficult  to 
point  out  the  peeuliarities  in  Gotho's  intellectual 
character  which  led  to  his  singularly  unphiloso- 
phical  view.^  on  this  subject.  One  important  cir- 
cumstance is,  that  he  appears,  like  many  persons  in 
whom  the  poetical  imagination  is  very  active,  to 
have  been  destitute  of  the  talent  and  the  habit  of 
geometrical  thought.  In  all  probability,  he  never 
apprehended  clearly  and  steadily  those  relations  of 
position  on  which  the  Newtonian  doctrine  depends. 
Another  cause  of  his  inability  to  accept  the  doctrine 
probably  was,  that  he  had  conceived  the  "composi- 
tion" of  colours  in  some  way  altogether  different 
from  that  which  Newton  understands  by  composi- 
tion. What  Gothe  expected  to  see,  we  canuot  clearly 
collect;  but  we  know,  from  his  own  statement,  that 
his  intention  of  experimenting  with  a  prism  arose 
from  his  speculations  on  the  rules  of  colouring  in 
pictures;  and  we  can  easily  see  that  any  notion  of 
the  composition  of  colours  which  such  researches 

"   Farientehrd  S3». 
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would  suggest,   would   rc<|uire  to   be   laid   asi< 
before  he  could  understand  Newton  s  theory  of  the 
composition  of  light.  M 

Other  objections  to  Newton's  theory,  of  a  kind 
very  different,  have  been  recently  made  by  tliat 
eminent  master  of  optical  science,  Sir  David  Brew- 
ster. He  contests  Newton's  opinion,  that  th< 
coloured  rays  into  which  light  is  separated  by  r( 
fraction  are  altogether  simple  and  homogeneoi 
and  incapable  of  being  further  analyzed  or  modified.' 
For  he  finds  that  by  passing  such  rays  through 
coloured  media,  (as  blue  glass  for  instance,)  they  are 
not  only  absorbed  and  transmitted  in  very  varioud| 
degrees,  but  that  some  of  them  have  their  colour 
altered ;  which  effect  he  conceives  as  a  further 
analysis  of  the  rays,  one  component  colour  being 
absorbed  and  the  other  transmitted'"'.  And  on  this 
subject  we  can  only  say,  as  we  have  before  saiJ, 
that  Newton  has  incontcstibly  and  completely  csta-f 
blished  his  doctrine,  so  far  as  analysis  and  decom- 
]»osition  by  refraction  are  concerned;  but  that  with 
regard  to  any  other  analysis,  which  absorbing  media 
or  other  agents  may  produce,  we  have  no  right 
from  his  experiments  to  assert,  that  the  colours  of , 
the  spectrum  are  incapable  of  s-acfi.  decomposition.! 
The  whole  subject  of  the  colours  of  objects,  botbj 
opake  and  transparent,  is  still  in  obscurity.     New-*! 

"  This  latter   fart  Las,  liowcveT,  Wn  dmii-d  by  ollbcr  cTpe-j 
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ton's  conjectures  concerning  the  causes  of  the  colours 
of  natural  bodies,  appear  to  help  us  little ;  and  his 
opinions  on  that  subject  are  to  be  separated  alto- 
gether from  the  important  step  which  he  made  in 
optical  science,  by  the  establishment  of  the  true 
doctrine  of  refractiye  dispersion  (ga). 

We  now  proceed  to  the  corrections  which  the 
next  generation  introduced  into  the  details  of  this 
doctaine. 


2&0 


CHAPTER  IV. 
DisuovEEY  OF  Achromatism. 


THE  discovery  that  the  laws  of  refractive  dis- 
persion of  different  substances  were  sueh  as  to 
allow  of  combinations  which  neutralized  the  dis- 
persiou  without  neutraliziug  the  refraction,  is  oae 
which  has  hitherto  been  of  more  value  to  art  than 
to  science.  This  property  has  no  definite  bearing, 
which  has  jot  been  satisfactorily  explained,  upon  the 
theory  of  light ;  but  it  is  of  the  greatest  importance 
in  its  application  to  the  construction  of  telescopes ; 
and  it  excited  tiic  more  notice,  in  consequence 
of  the  prejudices  and  difficulties  which  for  a  time 
retarded  the  discovery. 

Newton  conceived  that  he  had  proved  by  experi- 
ment', that  light  is  white  after  reiraetion,  when  the 
emergent  rays  are  parallel  to  the  incident,  and  in 
no  other  case,  If  this  were  so,  the  production  of 
colourless  images  by  refracting  media  would  be 
impossible ;  and  such,  in  deference  to  Newton's 
great  authority,  was  for  some  time  the  general  per- 
suasion. Euler^  observed,  that  a  combination  of 
lenses  which  docs  not  colour  the  image  must  be 
possible,  since  we  have  an  example  of  such  a  com- 
bination in  the  human  eye;  and  he  investigated 

'  Oiriickt,  B.  i.  p.  ii.  Prop.  3.  '  Ac.  Berlin.  1 747- 
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mathematically  the  conditions  rGquisite  for  such  a 
result.  Klingenstie^na^  a  Swedish  mathematician. 
also  showed  that  Newton's  rule  could  not  bo  uni- 
versally true.  Finally,  John  DoUond',  in  1757,  re- 
peated New'too's  experiment,  and  obtained  an  oppo- 
site result.  He  found  that  when  an  object  was  seen 
through  two  prisms,  one  of  glass  and  one  of  water, 
of  such  angles  that  it  did  rot  a]ipcar  displaced  by 
refraction,  it  was  coloured.  Hence  it  followed  that, 
without  being  coloured,  the  rays  might  be  made  to 
undergo  refraction ;  and  that  thus,  substituting 
lenses  for  prisms,  a  combination  might  be  formed, 
which  should  produce  an  image  without  colouring 
it>  and  make  the  construction  of  an  adirwnatir. 

scope  possible  (ha). 

Euler  at  first  hesitated  to  confide  in  Dollond's 
experiments ;  but  he  was  assured  of  their  cotrect- 
uess  by  Clairaut,  who  had  throughout  paid  great 
attention  to  the  subject;  and  those  two  great  nia- 
theraatieians,  as  well  as  D'Alerabert,  proceeded  to 
investigate  mathematical  formulre  which  might  be 
useful  in  the  application  of  the  discovery.  The 
remainder  of  the  deductions,  which  were  founded 
upon  the  laws  of  dispersion  of  various  rcfractite 
substances,  belongs  rather  to  the  history  of  art  than 
of  science.  DoUond  used  at  first,  for  his  achromatic 
object-glass,  a  lens  of  crown-glass,  and  one  of  Hint- 
glass.  He  afterwards  employed  two  lenses  of  the 
former  substance,  including  between  them  one  of 

45rrny«A  Trmrv.  1754.    w-  ^'  Pf/'l.  TrmiM.  1750. 
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the  latter,  adjusting  the  curvatures  of  his  lenses  in 
such  a  way  as  to  correct  the  im  perfections  arisir 
from  the  spherical  fomi  of  the  glasses,  as  well 
the  fault  of  colour.  Afterwards  Blair  used  fluid^ 
media  along  with  glass  lenses,  in  order  to  produce 
improved  object-glasses.  This  has  more  recently 
been  done  in  another  form  by  Mr.  Barlow.  The 
inductive  laws  of  refraction  being  established,  their 
re.sults  have  been  deduced  by  various  mathomaf-S 
ticians,  as  Sir  J.  Herschel  and  Professor  Airy  among 
ourselves,  who  have  simplified  and  extended  the 
investigation  of  the  formulae  which  determine  the 
best  combinations  of  lenses  in  the  object-glasse 
and  eye-glasses  of  telescopes,  both  with  reference 
spherical  and  to  chromatic  aberrations. 

According  to  Dollond's  discovery,  the  spectra^ 
produced  by  prisms  of  two  substances,  as  flint-glass 
and  crown-glass,  would  be  of  the  same  length  when 
the  refraction  was  different.    But  a  question  then] 
occurred :  When  the  whole  distance  from  the  ret 
to  the  violet  in  one  spectrum  was  the  same  as  the 
whole  distance  in  the  other,  were  the  intermediat 
colours,  yellow,  green,  &e.  in  corresponding  places] 
in  the  two?     This  point  also  could  not  be  deter-' 
mined  any  otherwise  than  by  experiment.     It  ap- 
peared that  such  a  correspondence  did  not  exist;] 
and,  therefore,  when  the  extreme  colours  were  cor-J 
tected  by  combinations  of  the  different  media,  there' 
still  remained    an    uncorrected    residue    of  colour, 
arising  from  the  rest  nf  the  sj>ectrum.     This  defect 
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was  a  consequence  of  the  property,  that  the  spectra 
belonging  to  different  media  were  not  divided  in 
the  same  ratio  hy  the  same  colours,  and  was  hence 
tpnned  the  irrationality  of  tlie  spectrum.  By  using 
three  prisms,  or  three  lenses,  three  colours  may  be 
made  to  coincide  instead  of  two,  aud  the  effects  of 
this  irrationality  greatly  diminished  (ia). 

For  the  reasons  already  mentioned,  we  do  not 
pursue  this  subject  further',  but  turn  to  those 
optical  facts  which  finally  led  to  a  great  and  com- 
prehensive theory. 

*  Hie  (liMovcry  nf  thi)_^rc(/  Hues  in  tlie  s|icctruni,  by  Wollas- 
ton  ami  Fraunhoffr.  has  more  recently  supplied  tlie  nifnns  of 
detenaining,  with  extreme  accuracy,  the  conrspuiLdiiiE;  pnr^ora 
of  tlie  spectrum  iti  diOcrcnt  refracting  eubstiinci.-?. 
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CHAPTER  V. 
Discovery  op  tiie  Laws  op  Double  Rephaction. 


THE  laws  of  refraction  which  we  have  hitherto 
described,  were  simple  and  uniform,  and  had  a 
sjTnmetrical  reference  to  the  surface  of  the  refract- 
ing medium.  It  appeared  strange  to  men,  when 
their  attention  was  drawn  to  a  class  of  phenomena 
in  which  this  symmetry  was  wanting,,  and  in  which 
a  refraction  took  place  which  was  not  even  in  the 
plane  of  ijicidence.  The  subject  was  not  unworthy 
the  notice  and  admiration  it  attracted ;  for  the  pro- 
secution of  it  ended  in  the  discovery  of  the  general 
laws  of  light.  The  phenomena  of  which  I  now 
speak*  are  those  exhibited  by  various  kinds  of 
crystalline  bodies ;  but  observed  for  a,  long  time  in 
one  kind  only,  namely,  the  rhombohedral  calc-spar; 
or,  as  it  was  usually  termed,  from  the  country 
which  supplied  the  largest  and  clearest  crystals 
Ic^Iund  spar.  These  rhombohedral  crystals  arc 
usually  very  smooth  and  transparent,  and  often  of 
considerable  size ;  and  it  was  observed,  on  looking 
through  them,  that  all  objects  appeared  double. 
The  phenomena,  even  as  early  as  106D,  had  been 
considered  so  curiouss  that  Erasmus  Bartholin  pub- 
lished a  work  upon  them  at  Copenhagen ',  {E-rperi- 

'  Priestley'H  Ojtiicxif  p.  550. 
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vn-enla  Crystalli  Islajidm,  Hafniae,  1669.)  He  ana- 
lyzed the  phenomena  into  theiT  laws,  so  far  as  to 
discover  that  one  of  the  two  itn^es  was  produced 
by  refraction  after  the  usual  rule,  and  the  other  by 
an  unusual  refraction.  This  latter  refraction  Bar- 
tholin found  to  vary  in  different  positions;  to  be 
regulated  by  a  line  parallel  to  the  sides  of  the 
rhombohedron ;  and  to  be  greatest  in  the  direction 
of  a  line  bisecting  two  of  the  angles  of  the  rhombic 
face  of  the  crystal. 

These  rules  were  exact  as  far  as  they  went ;  and 
when  we  consider  how  geometrically  complex  the 
law  is,  which  realty  regulates  the  unusual  or  extra- 
ordinary refraction ; — that  Newton  altogether  mis- 
took it,  and  that  it  was  not  verified  till  the  experi- 
ments of  Haiiy  and  Wollaston  in  our  own  time ; — 
we    might    expect  that   it  would   not  be  soon   or 
easily  detected.     But  Huyghens  possessed  a  key  to 
I  the  secret,  in  the  theory,  which  he  had  devised,  of 
the  propagation  of  light  by  undulations,  and  which 
■  lie  eoneeived  with  perfect  distinctness  and  correct- 
ness, so  far  as  its  application  to  these  phenomena  is 
concerned.     Hence  he  was  enabled  to  lay  down  the 
I  law  of  the  phenomena  (the  only  part  of  his  dis- 
covery which  we  have  here  to  consider,)  with  a  pre- 
cision and  success  which  excited  deserved  admira- 
[tion,  when  the  subject,  at  a  much   later  period,; 
regained  its  due  share  of  attention.     His  Treatise 
■was  written'  in  1678,  but  not  published  till  16D0. 

'  See  hi«  Trciile  de  fa  Lumtrrf.      Preiatx. 
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The  laws  of  the  ordinary  and  the  extra&rditMry 
refraction  in  Iceland  spar  are  related  to  each  other; 
thc^  are,  in  factt  similar  constructions,  made,  in  the 
one  case,  by  means  of  an  ima^ary  sphere,  in  the 
other,  by  means  of  a  spheroid  ;  the  spheroid  being 
of  such  oblateness  as  to  suit  the  rhombohedral  form 
of  the  crystal,  and  the  axis  of  the  spheroid  being 
the  axis  of  symmetry  of  the  crystal.  Iluyghens 
followed  this  general  conception  into  particular 
positions  and  conditions;  and  thus  obtained  rules, 
wliich  he  compared  with  observation,  for  cutting 
the  crystal  and  transmitting  the  rays  in  various 
manners.  "  I  have  examined  in  detail,''  says  he*, 
"the  properties  of  the  extraordinary  reiraction  of 
this  crystal,  to  see  if  each  phenomenon  which  is 
deduced  from  theory,  would  agree  with  what  is 
re-ally  observed.  And  this  being  so,  it  is  no  slight 
proof  of  tho  truth  of  our  suppositions  and  prin- 
dplos ;  but  what  I  am  going  to  add  here  confirms 
them  still  more  wonderfully ;  that  is,  the  different 
modes  of  cutting  this  crystal,  in  which  the  suriaces 
produced  give  rise  to  refractions  exactly  such  as 
they  ought  to  be,  and  as  I  had  foreseen  them, 
according  to  the  preceding  theory." 

Statements  of  this  kind,  coming  from  a  philoso- 
pher like  Iluyghens,  were  entitled  to  groat  con- 
fidence; Newton,  however,  appears  not  to  have  no- 
ticed, or  to  have  disregarded  them.    In  his  Optiefu, 

'  See  MaeereHs  Tracts  om  Opiics,  p.  35<l ;  or  Iliiy^hcDM.  Tr. 
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he  gives  a  ni!e  for  the  extraordinary  refraction  of 
Iceland  spar  which  is  altogether  erroneous,  without 
assigning  any  reason  for  rejecting  the  law  published 
by  Huyghens ;  and,  so  far  as  appears,  without  having 
made  any  experiments  of  his  own.    The  Huyghenian 
doctrine  of  double  refraction  fell,  along  with  his 
theory  of  undulations,  into  temporary  neglect,  of 
which  we  shall  have  hereafter  to  speak.     But  in 
1788,  Haiiy  showed  that  Huyghens'  rule  agreed 
much  better  than  Newton's  with  the  phenomena: 
and  in  1802,  WoUaston,  applying  a  method  of  his 
own  for  measuring  refraction,  CMne  to  the  same 
result.     "He  made,"  says  Young*,   "a  number  of 
accurate  experiments  with  an  apparatus  singularly 
well  calculated  to  examine  the  phenomena,  but 
could  find  DO  general   principle  to  correct  them 
until  the  work  of  Huyghens  was  pointed  out  to 
him."     In  1808.  the  subject  of  double  refraction 
was  proposed  as  a  prize-question  by  the  French 
Institute;  and  Malus,  whose  Memoir  obtained  the 
prize,  says,  '*  1  began  by  observing  and  measuring  a 
long  series  of  phenomena  on  natural  and  artificial 
laces  of  Iceland  spar.     Then,  testing  by  means  of 
these  observations  the  different  laws  proposed  up  to 
the  present  time  by  physical  writers,  I  was  struck 
with  the  admirable  agreement  of  the  law  of  Huy- 
ghens with  the  phenomena,  and  1  was  soon  con- 
vinced that  it  is  really  the  law  of  nature."   Pursuing 
the  consequences  of  the  law,  ha  found  that  it  satis- 
'  Quart.  Rrv.  1809,  Nov  p,  33fl. 
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fied  phenomena  which  Iluyghens  him.self  liad  noti 
observed.     From  this  time,  then,  the  truth  of  the! 
Huyghenian  law  was  universatly  allowed,  and  soon 
afterwards,  the  theory  by  which  it  had  been  sug- 
gested was  generally  received. 

The  property  of  double  refiaction  had  been 
first  studied  only  in  Iceland  spar,  in  which  it  is 
very  obvious,  The  same  property  belongs,  though 
less  conspicuously,  to  many  other  kinds  of  crystals. 
Hiiyghens  had  noticed  the  same  fact  in  rock- 
crystal*;  and  Mains  found  it  to  belong  to  a  large 
list  of  bodies  besides;  for  instance,  arragonite,  sul- 
phate of  lime,  of  baryta,  of  strontia.  of  iron; 
carbonate  of  lead ;  zircon,  corundum,  cymophane, 
emerald,  euclascj  felspar,  mesotype,  peridote,  sul- 
phur, and  mellitc.  Attempts  were  made,  with  im- 
perfect success,  to  reduce  all  these  to  tlie  law  which 
had  been  established  for  Iceland  spar.  In  the  first 
instance,  Mains  took  for  granted  that  the  extra- 
ordinary refraction  depended  always  upon  an  oblate 
spheroid;  but  M.  Biot'  pointed  out  a  distinction 
between  two  classes  of  crystals  in  which  this  spheroid 
was  oblong  and  oblate  respectively,  and  these  he 
called  attrariive  and  repul^he  crystals.  With  this 
correction,  the  law  could  be  extended  to  a  con- 
siderable number  of  cases ;  but  it  was  afterwards 
proved  by  Sir  D.  Brewster's  discoveries,  that  even 
in  this  form,  it  belonged  only  to  substances  of  which 

'  Trailf  dc  [a  Lumiere,  Hi.  v.  Ail.  2(1 
'  Ko%  Tra'ilr  de  Phf/n  m.  330. 
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the  crystallization  has  relation  to  a  single  axis  of 
symmetry,  as  the  rhombohedron,  or  the   square 
pyramid,     In  other  cases,  as  the  rhombic  prism, 
in  which  the  form,  considered  with  reference  to  its 
crystalline  symmetry,  is  btaxak  the  law  is  much 
more  complicated.     In  that  case,  the  sphere  and 
ythe  spheroid,  which  are  used  in  the  construction  for 
uniaxal  crystals,  transform  themselves  into  the  two 
successive  convolutions  of  a  single  continuous  curve 
surface ;  neither  of  the  two  rays  follows  the  law 
of  ordinary   refraction;   and  the    formula  which 
determines  their  position  is  very  complex.     It  is, 
however,   capable   of  being  tested  by  measures  of 
the  refraction  of  crystals  cut  in  a  peculiar  manner 
for  the  purpose,  and  this  was  done  by  MM.  Freanel 
and  Arago,     But  this  complex  law  of  double  re- 
fraction was  only  discovered  through  the  aid  of  the 
theory  of  a  luminiferous  ether,  and  therefore  we 
'  must  now  return  to  the  other  fa<*ts  which  led  to 
,  such  a  theory. 


4U6 

CHAPTER   VI. 
DiscovEftY  OF  Tnt;  Laws  ot  Polarization. 

IF  the  Extraordinary  Refraction  of  Iceland  sp^ 
had  appeared  strange,  another  phenomenon  was 
sooD  noticed  in  the  same  substance,  which  appeared 
stranger  still,  and  which  in  the  sequel  was  found 
to  be  no  less  important.  I  speak  of  the  facts  which 
were  afterwards  described  under  the  term  Polar- 
ization,  Huyghens  was  the  discorerer  of  this  clas8 
of  facts.  At  the  end  of  the  treatise  which  we  have 
already  quoted,  he  &ays ',  "  Before  I  quit  the  sub- 
ject of  this  crystal,  I  will  add  one  other  marvellous 
phenomenon,  which  I  have  discovered  since  writ- 
ing the  above;  for  though  hitherto  I  have  not 
been  able  to  find  out  its  cause,  I  will  not,  on  that 
account,  omit  pointing  it  out,  that  I  may  give  oc- 
casion to  others  to  examine  it."  He  then  states 
the  phenomena;  which  are,  that  when  two  rhom- 
bohedrons  of  Iceland  spar  are  in  parallel  positions, 
a  ray  doubly  refracted  by  the  firsts  is  not  further 
divided  when  it  falls  on  the  second :  the  ordinarily 
refracted  ray  is  ordinarily  refracted  onlff,  and  the 
extraordinary  ray  is  only  extraordinarily  refracted 
by  the  second  crystal,  neither  ray  being  doubly 
refracted.  The  same  is  still  the  case,  if  the  two 
'  Tr.  Opi.  p.  2&2. 
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crystals  have  i\\GiT principal  planes  parallel,  though 
they  themselves  are  not  parallel.  But  if  the  prin- 
cipal plane  of  the  second  crystal  be  perpendicular 
to  that  of  the  first,  the  reverse  of  what  has  been 
described  takes  place ;  the  ordinarily  refracted  ray 
of  the  first  crystal  suffers,  at  the  second,  extraor" 
dinary  refraction  only,  and  the  extraordinary  ray 
of  the  first  suffers  ordinary  refraction  only  at  the 
second.  Thus,  in  each  of  these  positionfi,  the  double 
refraction  of  each  ray  at  the  second  crystal  is  re- 
duced to  single  refraction,  though  in  a  diflerent 
maimer  in  the  two  cases.  But  in  any  other  posi- 
tion of  the  crystals,  each  ray,  produced  by  the  first, 
is  doubly  refracted  by  the  second,  so  as  to  produce 
four  rays. 

A  step  in  the  right  conception  of  these  pheno- 
mena was  made  by  Newton,  in  the  second  edition 
of  his  Ojitickg  (1717)-  He  represented  them  an 
resulting  from  this;^that  the  rays  of  light  have 
"sides/'  and  that  they  undergo  the  ordinary  or 
extraordinary  refraction,  according  as  these  sidles 
are  parallel  to  the  principal  plane  of  the  crystal, 
or  at  right  angles  to  it  {Query  26).  In  this  way, 
it  is  clear,   that   those  rays  which,   in   the   first 


crystal,  had  been  selected  for  extraordinary  refrac- 
tion, b«?ause  their  sides  were  perpendicular  to  the 
principal  plane,  would  all  suffer  extraordinary  re- 
fraction at  the  second  crystal  for  the  same  reason, 
if  its  principal  plane  were  parallel  to  that  of  the 
first;  and  would  all  suffer  ordinary  refraction,  if 
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the  principal  plane  of  the  second  crystal  were  per-  ■ 
pendicular  to  that  of  the  first,  and  consequently 
parallel  to  the  sides  of  the  refracted  ray.  This 
view  of  the  subject  includes  some  of  the  leading 
features  of  the  case,  but  still  leaves  several  consi- 
derable difficulties. 

■  No  material  advance  was  made  in  the  subject 
till  it  was  taken  up  by  Malus".  along  with  the  other 
circumstances  of  double  refraction,  about  a  hundred 
years  afterwards.  He  verified  what  had  been  ob- 
served by  Iluyghens  and  Newton,  on  the  subject 
of  the  variations  which  light  thus  exhibits;  but  he 
discovered  that  this  modification,  in  virtue  of  which 
light  undergoes  the  ordinary,  or  the  extraordinary, 
refraction,  according  to  the  position  of  the  plane 
of  the  crystal,  may  be  impressed  upon  it  in  many 
other  ways.  One  part  of  this  discovery  was  made 
accidentally'.  In  1808,  Mains  happened  to  be  ob- 
serving the  light  of  the  setting  sun,  reflected  from 
the  windows  of  the  Luxembourg,  through  a  rhom- 
bohedron  of  Iceland  spar;  and  he  observed  that 
in  tumiug  round  the  crystal,  the  two  images  varied 
in  their  intensity.  Neither  of  the  images  com- 
pletely vanished,  because  the  light  from  the  win- 
dows was  not  properly  modified,  or,  to  use  the  term 
which  Mains  soon  adopted,  was  not  completely 
polarized.  The  complete  polarization  of  light  by 
reflection  from  glass,  or  any  other  transparent  sub- 

•  Malus,  Tk.  dc  la  boub.  Hef.  p.  296. 

'  AragOj  art.  Polffrixation.  Supp   fine.  Brit, 
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Stance,  was  found  to  take  placid  at  a  certain  definite 
angle,  different  for  each  substance.  It  was  found 
also  that  in  all  crystals  in  which  double  refrac- 
tion occurred,  the  separation  of  the  refracted  rays 
was  accompanied  by  polarization ;  the  two  rays, 
the  ordinary  and  the  extraordinary,  being  always 
polarized  oppositely,  that  is,  in  planes  at  right  angles 
to  each  other.  The  term  poles,  used  by  Malus, 
conveyed  nearly  the  same  notion  as  the  term  aides 
which  had  been  employed  by  Newton,  with  the 
additional  conception  of  a  property  which  appeared 
or  disappeared  according  as  the  poles  of  the  par- 
ticles were  or  were  not  in  a  certain  direction ;  a 
property  thus  resembling  the  polarity  of  magnetic 
bodies.  When  a  spot  of  polarized  light  is  looked 
at  through  a  transparent  crystal  of  Iceland  spar, 
each  of  the  two  images  produced  by  the  double 
refraction  varies  in  brightness  as  the  crystal  is 
turned  round.  If,  for  the  sake  of  example,  we  sup- 
pose the  crystal  to  be  turned  round  in  the  direc- 
tion of  the  points  of  the  compass,  N,  E,  S,  W,  and 
if  one  image  be  brightest  when  the  crystal  marks 
N  and  S,  it  will  disappear  when  the  crystal  marks 
E  and  W :  and  on  the  contrary,  the  second  image 
will  vanish  when  the  crystal  marks  N  and  S,  and 
will  be  brightest  when  the  crystal  marks  E  and  W. 
The  first  of  these  images  is  polarized  iri  the  plane- 
US  passing  through  the  ray.  and  the  second  in  the 
plane  EW,  perpendicular  to  the  other.  And  these 
rays  are  oppositelj/  polarized.    It  was  fxirther  found 
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that  whether  the  ray  were  polarized  hy  reftectiou 
from  glass,  or  from  water,  or  by  double  refraction,! 
the  modification  of  light  so  produced,  or  the 
ture  of  the  polarization,  was  identical  in  all  these^ 
cases ; — that  the  alternatives  of  ordinary  and  ex- 
traordinary refraction  and  non-refraction,  were  the  ^j 
Same,  by  whatever  crystal  they  were  tested*  or  lll'^^ 
whatever  manner  the  polarization  had  been  im- 
pressed upon  the  light ;  in  short,  that  the  property, 
when  once  acquired,  was  independent  of  everything 
except  the  sides  or  poles  of  the  ray;  and  thus,  in 
18U,  the  term  "polarization"  was  introduced'. 

This  being  the  state  of  the  subject,  it  became 
an  obvious  question,  by  what  other  means,  and 
according  to  what  laws,  this  property  wa&  commu- 
nicated. It  was  found  that  some  crystals,  instead 
of  giving,  by  double  refraction,  two  images  oppo- 
sitely polarized,  give  a  single  polarized  image.  This 
property  was  discovered  in  the  agate  by  Sir  D. 
Brewster,  and  in  tourmaline  by  M,  Biotaud  Dr.  See- 
beck.  The  latter  mineral  became,  in  consequence, 
a  very  convenient  part  of  the  apparatus  used  in 
such  observations.  Various  peculiarities  bearing 
upon  this  subject,  were  detected  by  different  expe- 
rimenters. It  was- in  a  short  time  discovered,  that 
light  might  be  polarized  by  refraction,  as  well 
as  by  reflection,  at  the  surtace  of  uncrystallized 
bodies,  as  glass ;  the  plane  of  polarization  being 
perpendicular  to  the  plane  of  refraction;  further, 

•  Mem.  intl    1810. 
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that  when  a  portion  of  a  ray  of  light  was  polarized 
hy  reflection,  a  corresponding  portion  was  polarized 
hy  transmission,  the  planes  of  the  two  polariza- 
tions being  at  right  angles  to  each  other.  It  was 
found  also  that  the  polarization  which  was  incom- 
plete with  a  single  plate,  either  by  reflection  or 
refraction,  might  be  made  more  and  more  complete 
by  increasing  the  number  of  plates, 

Among  an  accumulation  of  phenomena  like  this, 
it  is  our  business  to  inquire  what  general  laws 
were  discovered.  To  make  such  discoveries  with- 
out possessing  the  general  theory  of  the  facts,  re- 
quired no  ordinary  sagacity  and  good  fortune.  Yet 
several  laws  were  detected  at  this  stage  of  the 
subject.  Malus,  in  1811,  obtained  the  important 
generalization  that,  whenever  we  obtain,  by  any 
means,  a  polarized  ray  of  light,  we  produce  also 
another  ray,  polarized  in  a  contrary  direction ;  thus 
when  reflection  gives  a  polarized  ray,  the  com- 
panion-ray is  refracted  polarized  oppositely,  along 
with  a  quantity  also  of  unpolarized  light.  And  we 
must  particularly  notice  Sir  Z*,  Breitsters  i-vle  for 
the  polarizing  nngh  of  different  bodies. 

Malus*  had  said  that  the  angle  of  reflection 
from  transparent  bodies,  which  most  completely 
polarizes  the  reflected  ray,  does  not  follow  any  dis- 
coverable rule  with  regard  to  the  order  of  refrac- 
tive or  dispersive  powers  of  the  substances.  Yet 
the  rule  was  in  reality  very  simple.     In  1815,  Sir 

'  Mim.  ImI.  18!0, 
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D.  Brewster  stated*  as  the  law,  which  in  all  cases 
determines  this  angle,  that  "the  index  of  refrac- 
tion is  the  tangent  of  the  angle  of  polarization." 
It  follows  from  this,  that  the  polarization  takes 
place  when  the  reflected  and  refracted  rajs  are  at 
right  angles  to  each  other.  This  simple  and  elegant 
rule  has  been  fiilly  confirmed  by  all  subsequent 
observations,  as  by  those  of  MM.  Biot  and  See- 
beck  ;  and  must  be  considered  one  of  the  happiest 
and  most  important  discoveries  of  the  laws  of  phe- 
nomena in  Optics. 

The  rule  for  poLarization  by  one  reflection  being 
thus  discovered,  tentative  formulae  were  proposed 
by  Sir  D.  Brewster  and  M.  Biot,  for  the  cases  in 
which  several  reflections  or  refractions  take  place. 
Fresnel  also,  in  1817  and  1818,  traced  the  efl*ect 
of  reflection  in  modifying  the  direction  of  polar- 
ization, which  Mains  had  done  inaccurately  in 
1810.  But  the  complexity  of  the  subject  made 
all  such  attempts  extremely  precarious,  till  the 
theory  of  the  phenomena  was  understood,  a  period 
which  now  comes  under  notice.  The  laws  which 
we  have  spoken  of  were  important  materials  for 
the  establishment  of  the  theory ;  but  in  the  mean 
time,  its  progress  at  first  had  been  more  forwarded 
by  some  other  classes  of  facts,  of  a  different  kind. 
and  of  a  longer  standing  notoriety,  to  which  we 
must  now  turn  our  attention. 


n 
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Discovert  of  the  Laws  of  the  Colours  of 
Thin  Plates. 

THE  facts  which  we  have  now  to  consider  are 
remarkable,  inasmuch  as  the  colours  are  pro- 
duced merely  by  the  smallness  of  dimensions  of  the 
bodies  employed.  The  light  is  not  analyzed  by 
any  peculiar  property  of  the  substances,  but  dis- 
sected by  the  minuteness  of  their  parts.  On  this 
account,  these  phenomena  give  very  important  indi- 
cations of  the  real  structure  of  light ;  and  at  an 
early  period,  suggested  views  which  are,  in  a  great 
measure,  just. 

Hooke  appears  to  be  the  first  person  who  made 
any  progress  in  discovering  the  laws  of  the  colours 
of  thJD  plates.  In  his  Micro ffraphw,  printed  by 
the  Royal  Society  in  1604,  he  describes,  in  a  de- 
tailed and  systematic  manner,  several  phenomena 
of  this  kind,  which  he  calls  "fantastical  colours." 
He  examined  them  in  Muscovy  (flass  or  mica,  a 
transparent  mineral  which  is  capable  of  being  split 
into  the  exceedingly  thin  films  which  are  requisite 
for  such  colours;  he  noticed  them  also  in  the  fis- 
sures of  the  same  substance,  in  bubbles  blown  of 
water,  rosin,  gum.  glass;  in  the  films  on  the  surface 
of  tempered   steel ;  between  two  plane  pieces  of 
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glass;  and  in  other  cas^s.     He  perceived  also',  thaitj 
the  protluction  of  each  colour  required  a  plate 
detemiiQate  thickness,  and  he  employed  this  cir- 
cumstance as  one  of  the  grounds  of  his  theory  ofJ 
light. 

Nowton  took  up  the  subject  where  Hooke  hajj 
left  it;  and  followed   it  out  with   his  accustom* 
skill  and  clearness,  in  his  Discmiree  ofi  Light  and 
Colours,   comraunicated  to  the   Royal   Society  inl 
1675.     He  determined,  what  Hooke  had  not  ascer'j 
taiued,   the   thickness  of  the   film   which   was   re^i 
quisite  for  the  production  of  each  colour;  aud  in 
this  way  explained,  in  a  complete  and  admirable 
manner,  the  coloured  rings  which  occur  when  two 
lenses  are  pressed  together,  and  the  scale  of  colour 
which  the  rings  follow ;  a  step  of  the  more  con- 
sequence^ as  the  same  scale  occurs  in  many  other 
optical  phenomena. 

It  is  not  our  business  here  to  state  the  hypo»^ 
thesis  with  regard  to  the  properties  of  light  which 
Newton  founded  on  these  facts  ; — the  "fits  of  easj^ 
transmission  and  reflection."     We  shall  see  here- 
after that  his  attempted  induction  was  imperfect; 
and  his  endeavour  to  account,  by  means  of  the  laws 
of  thin  plates,  for  the  colours  of  natural  bodies* ' 
is  altogether  unsatisfactory.     But  notwithstanding 
these  failures  in  the  speculations  on  thi.s  subject*, 
he  did  make  in  it  some  very  important  steps;  for 
he  clearly  ascertained  tliat  when  the  thickness  of^ 

'   Micrograpkut^  p.  S3' 
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the  plate  was  about  l-178000tb  of  an  inch,  or 
throe  tliutis,  five  times,  seven  times  that  magnitude, 
there  waa  a  bright  colour  produced;  but  black- 
ness, when  the  thickness  was  exactly  intermediate 
between  those  magnitudes.  He  found,  also^  that 
the  thicknesses  which  gave  red  and  violet'  were  as 
fourteen  to  nine;  and  the  intermediate  colours  of 
course  corresponded  to  uatermediate  thicknesses, 
and  therefore,  in  his  apparatus,  consistiag  of  two 
lenses  pressed  together,  appeared  as  rings  of  inter- 
mediate sizes.  His  mode  of  confirming  the  rule, 
b^  throwing  upon  this  apparatus  differentlj  coloured 
homogeneous  light,  is  striking  and  elegant.  "It 
was  very  pleasant,"  he  says,  "to  see  the  rings  gra- 
dually swell  and  contract  as  the  colour  of  the  light 
was  changed." 

It  is  not  necessary  to  enter  further  into  the 
detail  of  these  phenomena,  or  to  notice  the  rings 
seen  by  transmission,  and  other  circumstances.  The 
important  step  made  by  Newton  in  this  matter 
was,  the  showing  that  the  rays  of  light,  in  these 
esperimeuts,  go  periodically  through  certain  cycles 
of  modification,  each  period  occupying  nearly  the 
small  fraction  of  an  inch  mentioned  above ;  and 
this  interval  being  different  for  different  colours. 
Although  Newton  did  not  correctly  disentangle  the 
conditions  under  which  this  periodical  character  is 
manifestly  disclosed,  the  discovery  that,  under  some 
eircmnstances,  it  does  exist,  was  likely  to  influence, 
'  Opikks,  p,  m4. 
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Attempts  to  Discover  the  Laws  op  othee 

PlTENOMENA. 

THE  phenomena  which  result  from  optical  com- 
binations, even  of  a  comparatively  simple  na- 
ture, are  extremely  complex.  The  theory  accounts 
for  these  results  with  the  most  curious  exactness, 
and  points  out  the  laws  which  pervade  the  apparent 
confusioa;  but  without  this  key  to  the  appearances, 
it  was  scarcely  possible  that  any  rule  or  order 
should  be  detected.  The  undertaking  was  of  the 
same  kind  as  it  would  have  been,  to  discover  all  the 
inequalities  of  the  moon's  motion  without  the  aid  of 
the  doctrine  of  gravity.  We  will  enumerate  some  of 
the  phenomena  which  thus  employed  and  perplexed 
the  cultivators  of  optics. 

The  fringes  of  shadows  were  one  of  the  most 
curious  and  noted  of  such  classes  of  facts.  These 
were  first  remarked  by  Grimaldi',  (1665,}  and  re- 
ferred by  htm  to  a  property  of  light  which  he  called 
Diffraction.  When  shadows  are  made  in  a  dark 
room,  by  light  admitted  through  a  very  small  hole, 
these  appearances  are  very  conspicuous  and  beau- 
tiful.   Hooke,  in  1672.  comraunicatedl  similar  obser- 

'  Phifuco-Matkexix,  He  I.umine.  Colorlbut  el  Sride.  Bologna, 
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vations  to  the  Royal  Society,  as  "  a  new  property  of 
light  not  mentioned  by  any  optical  writer  before;" 
by  which  we  see  tbat  he  had  not  heard  of  Gri- 
maldi's  experiments,  Newton,  in  his  Optick^,  treats 
of  the  same  phenomena,  which  he  ascribes  to  the 
injleanon  of  the  rays  of  light.  He  asks  (Qu.  3,)| 
"  Are  not  the  rays  of  light,  in  passing  by  the  edges 
and  sides  of  bodies,  bent  several  times  backward 
and  forward  with  a  motion  like  that  of  an  eel? 
And  do  not  the  three  fi*inges  of  coloured  light  in 
shadows  arise  from  three  such  bendings?"  It  is' 
remarkable  that  Newton  should  not  have  noticed, 
that  it  is  impossible,  in  this  way,  to  account  for  the 
facts,  or  even  to  express  their  laws;  since  the  light 
which  produces  the  fringes  must,  on  this  theory,  be 
propagated,  even  after  it  leaves  the  neighbourhood 
of  the  opake  body,  in  curves,  and  not  in  straight 
lines.  Accordingly,  all  who  have  taken  up  Newton's 
notion  of  inflexion,  have  inevitably  failed  in  giving 
anything  like  an  intelligible  and  coherent  character 
to  these  phenomena.  This  is,  for  example,  the  case , 
with  Mr.  (now  Lord)  Brougham's  attempts  in  the 
FbilosopMcal  Traiisacfim^  for  17Q6.  The  same 
may  be  said  of  other  experimenters,  as  Mairan*  and 
Du  Four\  who  attempted  to  explain  the  facts  by  i 
supposing  an  atmosphere  about  the  opake  body. 
Several  authors,  as  Maraldi'.  and  Comparetti*.  re- 

•v*C.P«r.I73a    '  Mfmvircs  Preien[h,^,A.y.     Mc.Par.ITSS. 
'  Ofjservitlmtirx  Oj^ictr  lir  Lurr  InJlcTii  rl   Colnrilux.  Pnrliia. 
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pcated   or  varied   these   experiments  in   diflereiit 
ways. 

Newton  had  noticed  certain  rings  of  colour 
produced  by  a  glass  speculum,  which  he  called 
"  colours  of  thick  plates,"  and  which  he  attempted 
to  connect  with  the  colours  of  thin  plates.  His 
reasoning  is  by  no  means  satisfactory;  but  it  was  of 
use,  by  pointing  out  this  as  a  case  in  which  his 
"fits"  {the  small  periods,  or  cycles  in  the  rays  of 
light,  of  which  we  have  spoken,)  continued  to  occur 
for  a  considerable  length  of  the  ray.  But  other 
persons,  attempting  to  repeat  his  experiments,  con- 
founded with  them  extraneous  phenomena  of  other 
kinds;  as  the  Due  de  Chaulnes.  who  spread  mustin 
before  bis  mirror',  and  Dr.  Herschel,  who  scattered 
hair-powder  before  his''.  The  colours  produced  by 
the  muslin  were  those  belonging  to  shadows  of 
gratinffs,  afterwards  examined  more  successfully  by 
Fraunhofer,  when  in  possession  of  the  theory.  We 
I  may  mention  here  also  the  colours  which  appear  on 
finely-striated  surfaces,  and  on  mother-of-pearl,  fea- 
thers, and  similar  substances.  These  had  been 
examined  by  various  persons,  (as  Boyle.  Mazeas, 
Brougham,)  but  could  still,  at  this  period,  be  only 
looked  upon  as  insulated  and  lawless  facts. 


"  Ac.  far.  1755. 
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CHAPTER  IX. 

Discovery  of  the  Laws  of  PHENOXtBNA  oi^ 
DipoLARizEP  Light, 


BESIDES  the  above-mentioned  perplexing  cases 
of  colours  produced  by  common  light,  eases  of 
peri.odical  roloars  prodvced  by  polarized  light  began 
to  be  discovered*  and  soon  became  numerous.    In 
August  1811,  M.  Arago  conimimicated  to  the  Insti- 
tute of  France  an  account  of  colours  seen  by  passing 
polarized  light  through  miea,  and  anaJyzhnj'  it  with 
a  prism  of  Iceland  spar.     It  is  remarkable  that  the 
light  which  produced  the  colours  in  this  case  was 
the  light  polarized  by  the  sky,  a  cause  of  polariza- 
tion not  previously  known.     The  effect  which  the 
mica  thus  produced  was  termed  depolurization ; — 
not  a  very  happy  terra,  since  the  effect  is  not  the 
destruction  of  the  polarization,  but  the  combination 
of  a  new  polarizing  influence  with  the  former.    The 
vfoxA.dip<^rization,  which  has  since  been  proposed* 
(S  a  much  more  appropriate  expression.     Several! 
other  curious  phenomena  of  the   same  kind  were| 
observed  in  quartz,  and  in  flint-glass.     M.  Ajago' 
was  not  able  to  reduce  these  phenomena  to  laws 

'  The  prism  of  Iceland  spar  produces  the  coloiih*  by  Beparaitri  j 
th&  trandtnitttd  rajs  according  to  the  !aw»  of  dt^iible  t«fffwvtif>T 
Henne  it  i.«  aaiH  to  aualifze  the  Itjfht. 
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but  he  had  a  tiill  conviction  of  their  value,  and  ven- 
tures to  class  them  with  the  great  steps  in  this  part 
of  optics.  "To  Bartliolin  we  owe  the  knowledge 
of  double  refraction ;  to  Huyghens,  that  of  the 
accompanying  polarization ;  to  Malus,  polarization 
hy  reflection ;  to  Arago,  depolarization."  Sir  D. 
Brewster  was  at  the  same  time  engaged  in  a  similar 
train  of  research;  and  made  discoveries  of  the  same 
nature,  which,  though  not  published  till  some  time 
after  those  of  Arago,  were  obtained  without  a 
knowledge  of  what  had  been  done  by  him.  Sir  D. 
Brewster's  Treatise  on  Neic  Philosophical  Imtru- 
ments,  published  in  1813,  contains  many  curious 
experiments  on  the  "  depolarizing"  properties  of 
minerals.  Both  these  observers  noticed  the  changes 
of  colour  which  are  produced  by  changes  in  the 
position  of  the  ray,  and  the  alternations  of  colour 
in  the  two  oppositely  polarized  images ;  and  Sir  D. 
Brewster  discovered  that,  in  topaz,  the  phenomena 
bad  a.  certain  reference  to  lines  which  he  called  the 
neutral  and  depolarizinff  axes.  M.  Biot  had  en- 
deavoured to  reduce  the  phenomena  to  a  law;  and 
had  succeeded  so  far,  that  he  found  that  in  the 
plates  of  sulphate  of  lime,  the  place  of  the  tint, 
estimated  in  Newton's  scale,  (see  p.  414,)  was  as  the 
s'|uare  of  the  sine  of  the  inclination.  But  the  laws 
of  these  phenomena  became  much  more  obvious 
when  they  were  observed  by  Sir  D.  Brewster  with  a 
largtT  field  of  view^     He  found  that  the  colours  of 

'  PkU.  Traaa.  J»U. 
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topaz,  under  the  circumstances  now  described,  ex- 
hibited themselves  in  the  form  of  elliptical  rings,] 
crossed  b^  a  black  bar,  "  the  most  brilliant  class  of 
phenomena,"  as  he  justly  says,  "in  the  whole  raugo 
of  optics."     In  1814,  also,  Wollaston  observed  the] 
circular  rings  with  a   black  cross,   produced  by] 
similar  means  in  calc-spar;  and  M.  Biot,  m  181^  i 
made  the  same  observation.     The  rings,  in  several 
of  these  cases,  were  caxefullj  measured  by  M.  Biot 
and  Sir  D.  Brewster,  and  a  great  mass  of  similar 
phenomena  was  discovered.     These  were  added  to 
by  various  persons,  as  M.  Seebeck,  and  Sir  John] 
llerschcl. 

Sir  D.  Brewster,  in  1818,  discovered  a  general 
relation  between  the  crystalline  form  and  the  optical 
properties,  which  gave  an  incalculable  impulse  and 
a  new  clearness  to  these  researches.  He  ibund  that 
there  was  a  correapoudence  between  the  degree  of  j 
symmetry  of  the  optical  phenomena  and  the  crystal- 
line form :  those  crystals*  which  are  uniaxal  in  the 
crystallographical  sense^  are  also  uniaxal  In  their 
optical  properties,  and  give  circular  rings;  those 
which  are  of  other  forms  are,  generally  speaking, 
biaxal;  they  give  oval  and  knotted  isfjcJtromalic 
lines,  with  two  poles.  He  also  discovered  a  rule  for 
the  tint  at  each  point  in  such  cases ;  aud  thus 
explained,  so  far  as  an  empirical  law  of  phenomena 
went,  the  curious  and  various  forms  of  the  coloured! 
curves.  This  law,  when  simplified  by  M.  Biot'.  made 
'  Mem.  InwI.  \8\ti.  j..  ]92. 
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the  tint  proportional  to  the  product  of  the  distances 
of  the  point  iirom  the  two  poles.  lu  the  tbllowiug 
year,  SLrJ.  Herschel  eonfimied  this  law  by  showing, 
from  actual  measuremeut,  that  the  cun-e  of  the 
isochroinatic  lines  in  those  cases  was  the  curve 
termed  the  lei/miscata,  which  has,  for  each  point, 
the  product  of  the  distances  from  two  fixed  poles 
equal  to  a  constant  quantity'.  Ke  also  reduced  to 
rule  some  other  apparent  anomalies  in  phenemona 
of  the  same  class. 

M.  Biot,  too,  gjLve  a  rule  for  the  directions  of 
the  planes  of  polarization  of  the  two  rays  produced 
by  double  refraction  in  biaxal  crystals,  a  circum- 
stance which  has  a  close  bearing  upon  the  pheno- 
mena of  dipolarization.  His  rule  was,  that  the  one 
plane  of  polarization  bisects  the  dihedral  angle 
formed  by  the  two  planes  which  pass  through  the 
optic  axes,  and  that  the  other  is  perpendicular  to 
such  a  plane.  When,  however,  Fresnel  had  dis- 
covered from  the  theory  the  true  laws  of  double 
refraction,  it  appeared  that  the  above  rule  is  inac- 
curate, although  in  a  degree  which  observation 
could  hardly  detect  without  the  aid  of  theory\ 

There  were  still  other  classes  of  optical  pheno- 
mena which  attracted  notice;  especially  those  which 
are  exhibited  by  plates  of  quartz  cut  perpendicular 
to  the  axis.  M.  Arago  had  observed,  in  1811,  that 
this  substance  produced  a  timst  of  the  plane  of 
polarisation  to  the  right  or  left  hand,  the  amount 

Tram.  18ia.       *  Freanel,  Mcft.  Iwi.  J827,  p.  Ili2. 
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of  this  twist  being  diflerent  for  different  colours ;  a 
result  which  was  afterwards  traced  to  a  modifica- 
tion of  light  different  both  from  common  and  from 
polarized  light,  and  subsequently  known  as  ciradar 
pfdarization.  Sir  J,  Herschel  had  the  good  fortune 
and  sagacity  to  discover  that  this  peculiar  kind 
of  polarization  in  quartz  was  connected  with  an 
equally  peculiar  modification  of  crystallization,  the 
plagihedraJ.  faces  which  are  seen,  on  some  crystals, 
obliquely  disposed,  and,  as  it  were,  following  each 
other  round  the  crystal  from  left  to  right,  or 
from  right  to  left.  Sir  J.  Herschel  found  that  the 
ngkt-futnded  or  kft-kantUd  character  of  the  cir- 
cular polarization  corresponded,  in  all  cases,  to 
that  of  the  crystal. 

In  181&,  M.  Biot,  in  his  researches  on  the  sub- 
ject of  circular  polarization,  was  led  to  tlie  unex- 
pected and  curious  discovery,  that  this  property, 
which  seemed  to  require  for  its  very  conception  a 
crystalline  structure  in  the  body,  belonged  never- 
theless to  several  fluids,  and  in  different  directions 
for  different  Huids.  Oil  of  turpentine,  and  an  essen- 
tial oil  of  laurel,  gave  the  plane  of  polarization  a 
rotation  to  tlie  left  hand ;  oil  of  citron,  syrup  of 
sugar,  and  a  solution  of  camphor,  gave  a  rotation  to 
the  right  hand,  Soon  after,  the  like  discovery  was 
made  independently  by  Dr.  Seebeck,  of  Berlin. 

It  will  easily  be  supposed  that  all  these  brii- 
Hant  phenomena  could  not  be  observed,  and  the 
laws  of  many  of  the  phenomena  discovered,  without 
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attempts  on  the   part  of  philosophers  to  corabine 
them  all  under  the  dominion  of  some  wide  and  pro- 
found  theory.     Endeavours  to  ascend   from   such 
knowledge  as  we  have  spoken  of,  to  the  general 
theory  of  light,  were,  in  fact^  made  at  every  stage 
of  the  subject,  and  with  a  success  which  at  last  won 
almost  all  suHrages.     We  arc  now  arrived  at  the 
point  at  which  we  are  called  upon  to  trace  the  his- 
tory of  this  theory;  to  pass  from  the  laws  of  pheno- 
mena to   their  causes; — irom  Formal  to  Physical 
Optics.     The  undulatory  theory  of  light,  the  only 
discovery  which  can  stand  by  the  side  of  the  theory 
of  universal  gravitation,  as  a  doctrine  belonging  to 
the  same  order,  for  its  generality,  its  fertility,  and 
its  certainty,  may  properly  be  treated  of  with  that 
ceremony  which  we  have  hitherto  bestowed  only  on 
the  great  advances  of  astronomy;  and  I  shall  there- 
fore now  proceed  to  speak  of  the  Prelude  to  this 
epoch,  the  Epoch  itselt^  and  its  Sequel,  accordhig  to 
the  form  of  the  preceding  book. 
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CHAPTER  X. 

Prelude  to  the  Epoch  of  Young  and  Fresnei.. 

BY  Physical  Optics  we  mean,  as  hits  already  been 
-stated,  the  theories  which  explain  optical  phe- 
iiomona  on  mechanical  principles.  No  such  expla- 
nation could  be  given  till  true  mechanical  principles 
had  been  obtained;  and,  accordingly,  we  must  date 
the  commencement  of  the  essays  towards  physical 
optics  from  Descartea,  the  founder  of  the  modem 
mechanical  philosojihy.  His  hypothesis  concerning 
light  is,  that  it  consists  of  small  particleis  emitted  by 
the  luminous  body.  He  compares  these  particles  to 
balls,  and  endeavours  to  csplain,  by  means  of  this 
comparison,  the  laws  of  retiection  and  refraction'. 
In  order  to  account  for  the  production  of  colours  by 
refraction,  he  ascribes  to  these  balls  an  alternating 
rotatory  motion''.  This  first  form  of  the  emission 
thmrif,  was,  like  most  of  the  physical  speculations 
of  its  author,  hasty  and  gratuitous ;  but  was  exten- 
sively acceptefl,  like  the  rest  of  the  Cartesian  doc- 
trines, in  consequence  of  the  love  which  men  have 
for  sweeping  and  simple  dogmas,  and  deductive 
'  Diopt.  c.  ii,  4.  '  Meteor.  *■.  viii.  6. 
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reasonings  from  theni.  In  a  short  time,  bowever, 
the  rival  optical  liieofy  of  utidulations  made  its 
appearance.  Hookc  in  his Microffrapkia  (1664)  pro- 
pounds it,  upon  occasion  of  his  obsenatlons,  already 
noticed,  on  the  colours  of  thin  plates.  He  there 
asserts'  light  to  consist  in  a  "quick,  short,  vibrating 
motion,"  and  that  it  is  propagated  in  a  homoge- 
neous medium,  in  such  a  way  that  "every  pulse  or 
vibration  of  the  luminous  body  will  generate  a 
sphere,  which  will  continually  increase  and  grow 
bigger,  just  after  the  same  manner  (though  inde- 
jfinitely  swifter)  as  the  waves  or  rings  on  the  surlace 
of  water  do  swell  into  bigger  and  bigger  circles 
about  a  point  in  it'."  He  applies  this  to  the  expla> 
nation  of  relraction,  by  supposing  that  the  rays  in  a 
denser  medium  move  more  easily,  and  hence  that 
the  pulses  become  oblique,  a  far  le^  satisfactory 
anil  consistent  hypothesis  than  that  of  Uuyghens,  of 
which  we  shall  next  have  to  speak.  But  Hooke  has 
the  merit  of  having  also  combined  with  his  theory, 
though  somewhat  obscurely,  the  Principle  (^ ItUer- 
fereiiKs,  in  the  application  which  he  makes  of  it  to 
the  colours  of  thin  plates.  Thus^  he  supposes  the 
light  to  be  reflected  at  the  first  surface  of  such 
plates;  and  he  adds.  "  after  two  refractions  and  one 
reflection  (from  the  second  surface)  there  is  propa- 
gated a  kind  of  fainter  ray,"  which  comes  behind 
the  other  reflected  pulse;  "so  that  hereby  (the  sur- 
faces AD  and  VA'  being  so  near  together  that  the  eye 

'  Microgr^phui,  p,  56.  *  lb.  p.  5?.         *  lb.  p.  66. 
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cannot  discriminate  them  trom  ooe,)  this  compound 
or  duplicated  pulse  does  produce  on  the  retina  the  i 
sensation  of  a  yellow."     The  reason  for  the  produc-. 
tion  of  this  particular  colour,  ia  the  case  of  which 
he  here  speaks,  depeuds  on  his  views  concerning 
the  kind  of  pulses  appropriate  to  each  colour;  and^] 
for  the  same  reason,  when  the  thickness  is  different, 
he  finds  that  the  result  will  be  a  red  or  a  green. 
This  is  a  very  remarkable  auticipation  of  the  expUf-j 
nation  ultimately  given  of  these  coloiu-s ;  and  we 
may  obserTc,  that  if  ilooke  could  have  measured 
the  thickness  of  Ids  thin  plates,   he  could  hardly 
have  avoided  making  considerable  progress  in  the 
doctrine  of  interferences. 

But  the  person  who  is  generally,  and  with  jus-"' 
ticc,  looked  upon  as  the  great  author  of  the  undular 
tory  theory  at  the  period  now  under  notice,  is  Huy- 
gliens,  whose  Traite  de  la.  Luutiere,  containing  a ; 
developement  of  his  theory,  was  written  in  1C78, ; 
though  not  published  till  IGftO.     In  this  work  he, 
maintained,  as  Ilooke  bad  done,  that  light  consists  I 
in  undulations,  and  expands  itself  spherically,  nearly 
in  the  same  manner  as  sound ;  and  he  referred  fco 
the  observations  of  Riimcr  on  Jupiter's  satellites, 
both  to  prove  that  this  difference  takes  place  suc- 
cessively, and  to  show  its  exceeding  swiftness.    In 
order  to  trace  the  eftect  of  an  undulation,  Huyghens 
considers  that  every  jMiint  of  a  wave  diffujies  its 
motion  in  all  directions;  and  hence  he  draws  the 
conclusion,  so  long  looked  upon  as  the  turning-point 
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of  the  combat  between  tbe  rival  theories,  that  the 
light  will  Dot  be  diflused  beyond  the  rectilinear 
space,  when  it  passes  through  an  aperture;  "for." 
says  he*,  "although  the  partial  waves,  produced  by 
the  particles  comprizc^d  in  the  aperture,  do  dithise 
themselves  beyond  the  rectilinear  space,  these  waves 
do  not  concur  anywhere  except  in  front  of  the 
aperture."  He  rightly  considers  this  observation  as 
of  the  most  essential  value.  "  This,"  he  says,  *'  was 
not  known  by  those  who  began  to  consider  the 
waves  of  light,  among  whom  are  Mr,  Hooke  in  his 
Microffraphp,  and  Father  Pardies,  who,  m  a  trea- 
tise of  which  he  showed  me  a  part,  and  which  he 
did  not  live  to  finish,  had  undertaken  to  prove,  by 
these  waves,  the  effects  of  reflection  and  refraction. 
But  the  principal  foundation,  which  consists  in  the 
remark  I  have  just  made,  was  wanting  in  his  de- 
monstrations." 

By  the  help  of  this  view,  Huyghens  gave  a  per- 
fectly satisfactory  and  correct  explanation  of  the 
laws  of  reflection  and  refraction ;  and  he  also  ap- 
plied the  same  theory,  as  we  have  seen,  to  the 
double  refraction  of  Iceland  spar  with  great  saga- 
city and  success.  He  conceived  that  in  this  crystal, 
besides  the  spherical  waves,  there  might  be  others 
of  a  spheroidal  form,  the  axis  of  the  spheroid  being 
symmetrically  disposed  with  regard  to  the  faces  of 
the  rhombohedron,  for  to  these  faces  the  optical 
phenomena  are  symmetrically  related.     He  found' 

•  Trad*  on  Oplict,  p.  209.  '  Ih.  p,  237. 
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that  the  position  of  the  refracted  ray,  determined 
by  such  spheroidal  undulations,  would  give  an  ob- 
lique refraction^  which  would  coincide  in  its  laws 
with  the  refraction  observed  in  Iceland  spar :  and, 
as  we  have  etated,  this  coincidence  was  long  after  j 
fully  confirmed  by  other  observers.  H 

Since  Huyghens.  at  this  early  period,  expounded 
the  undulatory  theory  with  so  much  distinctness, 
and  applied  it  with  so  much  skill,  it  may  be  asked 
why  we  do  not  hold  him  up  as  the  great  author  of 
the  induction  of  undulations  of  light ; — the  person . 
who  marks  the  epoch  of  the  theory?  To  this  we) 
reply,  that  though  Huyghens  discovered  strong  pre-] 
sumptions  in  favour  of  the  undulatory  theory,  it  was] 
not  established  till  a  later  era,  when  the  fringes  of! 
shadows,  rightly  understood,  made  the  waves  visible, 
and  when  the  hypothesis  which  had  been  assumed 
to  account  for  double  refraction,  was  found  to  con- 
tain also  an  explanation  of  polarization.  It  is  then 
that  this  theory  of  light  assumes  its  commandiog^j 
form  ;  and  the  persons  who  gave  it  this  form,  we. 
must  make  the  great  names  of  our  narrative ;  with- 
out, however,  denying  the  genius  and  merit  of  Huy- 
ghens, who  is.  undoubtedly,  the  leading  character  inj 
the  prelude  to  the  discovery. 

The  undulatory  theory,  from  this  time  to  oi 
own,  was  unfortunate  in  its  career.     It  was  by  nol 
means  destitute  of  defenders,  but  these  were  not 
experimenters;  and  none  of  them  thought  of  aj 
plying  it  to  Grimaldi's  experiments  on  fringes,  ot 
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■  which  we  have  spoken  a  Uttie  while  ago.     And  the 
I  great  authority  of  the  i>eTiod,  New  ton.  adopted  the 

opposite  hypothesis,  that  of  emission,  and  gave  it  a 
currency  among  his  followers  which  kept  down  the 
sounder  theory  for  above  a  century, 

Newton's  first  disposition  appears  to  have  been 
by  no  means  averse  to  the  assumption  of  an  ether 

■  as  the  vehicle  of  luminiferous  undulations.  When 
Hooke  brought  against  his  prismatic  analysis  of 
light  some  objections,  founded  on  his  own  hypo- 
thetical notions,  Newton,  in  his  reply,  said"",  '■  The 
hypothesis  has  a  much  greater  affinity  with  his 
own  hypothesis  than  he  seems  to  be  aware  of:  the 
vibrations  of  the  ether  being  as  useftil  and  neces- 
sary in  this  as  in  his."  This  was  in  1672;  and  we 
might  produce,  from  Newton's  writings,  passages  of 
the  same  kind,  of  a  much  later  date.     Indeed  it 

f  would  seem  that,  to  the  last,  Newton  considered 
the  assumption  of  an  ether  as  highly  probable,  and 
its  vibrations  as  important  parts  of  the  phenomena 
of  light;  but  he  also  introduced  into  his  system 
the  hypothesis  of  emission,  and  having  followed 
this  hypothesis  into  mathematical  detail,  while  he 
b^  left,  all  that  concerns  the  ether  in  the  form  of 
queries  and  conjectures,  the  emission  theory  has 
naturally  been  treated  as  the  leading  part  of  his 
optical  doctrines. 

The    principal    propositions  of   the   Principia 
which  bear  upon  the  question  of  optical  theory  are 
*  Phil  Trant,  vii.  50B7. 
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those  of  the  fourteenth  Section  of  thf  first  Book',mi 
which  the  law  of  the  sines  in  refraction  is  proved 
on  the  hypothe&is  that  the  particles  of  bodies  act 
on  light  only  at  vei^  small  distances;  and  the  pro- 
position of  the  eighth  Section  of  the  second  Book""; 
in  which  it  is  pretended  to  be  demonstrated  that 
the  motion  propagated  in  a  fluid  must  diverge 
when  it  has  passed  through  an  aperture.  The  for- 
mer proposition  shows  that  the  law  of  refraction, 
an  optical  truth  which  mainly  affected  the  choice 
of  a  theory,  (for  about  reflection  there  is  no  dif- 
ficulty on  any  mechanical  hypothesis,)  follows  fixim 
the  theory  of  emission  :  the  latter  proposition  waa 
intended  to  prove  the  inadmissibility  of  the  rival 
hypothesis,  that  of  undulations.  As  to  the  former 
point, — -the  hypothetical  explanation  of  refraction, 
on  the  assumptions  there  made,^— the  conclusion  is 
quite  satisfactory :  but  the  reasoning  in  the  latter 
case,  (respecting  the  propagation  of  undulations,)  is , 
certainly  inconclusive  and  vague;  and  something 
better  might  the  more  reasonably  have  been  ex- 
pected, since  Huyghens  had  at  least  endeavoured 
to  prove  the  opposite  proposition.  But  supposing 
we  leave  these  properties,  the  rectilinear  course, 
the  reflection,  and  the  refraction  of  light,  as  pro- 
blems in  which  neither  theory  has  a  decided  ad- 
vantage, what  is  the  nest  material  point  ?  The 
colours  of  thin  plates.  Now,  how  does  Newton's 
theory  explain  these?     By  a  new  and  special  sup- 

"  Principia,  Prop.  94.  et  aeq.  '"  lb.  Prop.  42. 
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position ; — that  of  Jiis  of  easy  trammissimi  and 
Tefltflion :  a  supposition  which,  though  it  truly  eK- 
presses  these  facts,  is  not  borne  out  by  any  other 
phenomena.  But,  passing  over  this,  wlien  we  come 
to  the  peculiar  laws  of  polarization  in  Iceland 
spar,  how  does  Newton's  meet  these?  Again  by 
a  special  and  new  supposition ;— that  the  rays  of 
light  have  sides.  Thus  we  find  no  fresh  evidence 
in  favour  of  the  emission- bypothosis  springing  out 
of  the  fresh  demands  made  upon  it.  It  may  be 
urged,  in  reply,  that  the  same  is  true  of  the  undu- 
latory  theory ;  and  it  must  be  allowed  that,  at  the 
time  of  which  we  now  speak,  its  superiority  in  this 
respect  was  not  manifested;  though  Hooke,  as  we 
have  seen»  had  caught  a  glimpse  of  the  explanation. 
which  this  theory  supplies,  of  the  colourg  of  thin 
plates. 

At  a  later  period,  Newton  certainly  seems  to 
have  been  strongly  disinclined  to  believe  light  to 
consist  in  undulations  merely.  "Are  not."  he  says, 
in  Question  twenty-eight  of  the  Optteka,  "  all  hypo- 
theses erroneous,  in  which  light  is  supposed  to 
consist  in  pression  or  motion  propagated  through 
a  fluid  medium  ?"  The  arguments  which  most 
weighed  with  him  to  produce  this  conviction,  ap- 
pear to  have  been  the  one  already  mentioned, — 
that,  on  the  undulatory  hypothesis,  undulations 
passing  through  an  aperture  would  be  diftu&ed;  and 
again, — his  conviction,  that  the  properties  of  light 
developed  in  various  optical  phenomena,  "depend 
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not  upoti  new  modiKcations,  but  upon  the  original 
and  unchangeable  properties  of  the  rays."    (Ques 
tion  twenty-seven.) 

But  yet,  even  in  this  state  of  his  views,  ho  was 
very  far  from  abandoning  the  machinery  of  vibra- 
tions altogether.  He  is  disposed  to  use  such  ma- 
chinery to  produce  his  "  fits  of  easy  transmission."1 
In  his  seventeenth  Query,  he  says",  "when  a  ray 
of  light  falls  upon  the  suriaee  of  any  pellucid  body,, 
and  is  there  refracted  or  reflected ;  may  not  waves 
of  vibrations  or  tremors  be  thereby  excited  in  the 
refracting  or  reflecting  medium  at  the  point  of  iucU' 
dence?  ....  and  do  not  these  vibrations  overtake 
the  rays  of  light,  and  by  overtaking  them  sue-1 
cessively,  do  they  not  put  them  into  the  fits  of  easy 
reflection  and  easy  transmission  described  above  ?" 
Several  of  the  other  queries  imply  the  same  per- 
suasion^  of  the  necessity  for  the  assumption  of  an 
ether  and  Its  vibrations.  And  it  might  have  been 
asked,  whether  any  good  reason  could  be  given 
for  the  hypothesis  of  an  ether  as  a  part  of  the 
mechanism  of  light,  which  would  not  be  equally 
valid  in  favour  of  this  being  the  whde  of  the  me- 
chanism, especially  if  it  could  be  shown  that  nothing 
more  was  wanted  to  produce  the  results. 

The  emission  theory  was,  however,  embraced  in 
the  most  strenuous  manner  by  the  disciples  of  New- 
ton.    That  propositions  existed  in  the  Prineipia 
which  proceeded  on  this  hypothesis,  was,  with  many 
"  Oj^da,  p.  322. 
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t>f  these  persons,  ground  enough  for  adopting  the 
ioctrinc;  and  it  had  also  the  advantage  of  being 
more  ready  of  conception,  for  though  the  propa- 
gation of  a  wave  Is  not  very  difficult  to  conceive. 
at  least  by  a  mathematician,  the  motioa  of  a  par- 
ticle is  still  easier. 

On  the  other  hand,  the  undulation  theory  was 
maintained  by  no  less  a  person  than  Euler;  and 
the  war  between  the  two  opinions  was  carried  on 
vith  great  earnestness.  The  arguments  on  one  side 
and  on  the  other  soon  became  trite  and  familiar, 
for  no  person  explained  any  new  class  of  facts  by 
either  theory.  Thus  it  was  urged  by  Euler  against 
the  system  of  emission'", — that  the  perpetual  ema- 
Dation  of  light  from  the  sun  must  have  diminished 
lis  mass ; — that  the  stream  of  matter  thus  con- 
stantly flowing  must  aficct  the  motioas  of  the  planets 
and  comets ; — that  the  rays  must  disturb  each 
ittier; — that  the  passage  of  light  through  transpa- 
rent bodies  i&,  on  this  system,  inconceivable:  all 
Bttch  arguments  were  answered  by  representations 
flf  the  exceeding  minuteness  and  velocity  of  the 
matter  of  light.  On  the  other  band,  there  was 
urged  against  the  theory  of  waves,  the  favourite 
Kewtouian  argument,  that  on  this  theory  the  light 
passing  through  an  aperture  ought  to  be  diffused, 
.RS  sound  is.  It  is  curious  that  Euler  does  not  make 
to  this  argument  the  reply  which  Huyghens  had 
made  before      The  tact  really  was,  that  he  was  not 

"  FiBoher,  iv.  449. 
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aware  of  the  true  ground  of  the  difference  of  th< 
result  iQ  the  cases  of  sound  and  light;  namelyv-j 
that  any  ordinary  aperture  bears  an  immense  ratit 
to  the  length  of  an  undulation  of  light,  but  docs  not 
bear  a  very  great  ratio  to  the  length  of  an  undula- 
tion of  sound.     The  demonstrable  consequence  of. 
this  difiTerence  is,  that  light  darts  througli  such  an  I 
orifice  in  straight  rays,  while  sound  is  difiiised  in 
all  directions.    Euler,  not  perceiving  this  difterenc^i 
rested  his  answer  mainly  upon  a  circumstance  hy 
no  means  unimportant,  that  the  partitions  usually 
employed  are  not  impermeable  to  sound,  as  opake 
bodies  are  to  light.     He  observes  that  the  sound 
docs  not  all  come  through  the  apertiire;  for  we 
hear,  though  the  aperture  be  stopped.     These  WiCrej 
the  main  original  points  of  attack  and  defence,  and 
they  continued  nearly  the  same  for  the  whole  of  j 
the  last  century ;  the  same  difficulties  were  over! 
and  ovei  again  proposed,  and  the  same  solutions 
given,  much  in  the  manner  of  the  disputations  of 
the  schoolmen  of  the  middle  ages. 

The  stru^le  being  thus  apparently  balanced,! 
the  scale  was  naturally  turned  by  the  general  as-j 
cendaney  of  the  Newtonian  doctrines;  and  thai 
emission  theory  was  the  one  most  generally  adopted.! 
It  was  still  more  firmly  established,  in  consequencej 
of  the  turn  generally  taken  by  the  scientific  activity 
of  the  latter  half  of  the  eighteenth  century;  for^ 
while  nothing  was  added  to  our  knowledge  of  op-j 
tical  laws,  the  chemical  effects  of  light  were  studie 
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to  a  considerable  extent  by  various  inquirers 
and  the  opinions  at  which  these  persons  arrived* 
they  found  that  they  could  express  most  readily, 
in  consistency  with  the  reigning  chemical  ^news.  by 
assuming  the  BUiateriality  of  light.  It  is,  however, 
clear,  that  no  reasonings  of  the  inevitably  vague 
and  doubtful  character  which  belong  to  these  por- 
tions of  chemistry,  ought  to  be  allowed  to  interfere 
with  the  steady  and  regular  progress  of  induction 
and  generalization,  founded  on  relations  of  space 
and  number,  by  which  procedure  the  mechanical 
sciences  are  formed.  We  reject,  therefore,  all  these 
chemical  speculations,  as  belonging  to  other  suV 
ecta;  and  consider  the  history  of  optical  theory 
as  a  blank,  till  we  arrive  at  some  very  different 
■events,  of  which  we  have  now  to  speak. 

'•  As  Sclicolc,  SelL',  LavoUicr,  De  Lnc,  Ritihtet,  LeonJiaidi, 
Gten,  Girtsinner,  Liuk,  Hapen,  Voipt,  Dc  ta  Metlxerie,  Scherei, 
Dize,  Bruguatelli.     See  Fiachtr,  \ii,  p.  20. 
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Epoch  of  Young  and  Fresnei.. 


Sect.  1. — Introduction. 

THE  man  whose  name  must  occupy  the  most 
distin^ished  place  in  the  history  of  Physical 
Optics,  in  consequence  of  what  he  did  in  revivmg 


and  establishing  the  undulatory  theory  of  lights  '^^1 
Dr.  Thomas  Young.    He  was  bora  in  1773.  at  Mil-  ^ 


Young, 
verton  in  Somersetshire,  of  Quaker  parents;  and 
aflter  distin^ishing  himself  during  youth,  by  the 
variety  and  accuracy  of  his  attainments,  he  settled 
in  London  as  a  physician  in  1801;  but  continued 
to  give  much  of  his  attention  to  general  science. 
His  optical  theory,  for  a  long  time,  made  few  pro- 
selytes'; and  several  years  afterwards>  Augusts 
Fresnei,  an  eminent  French  mathematician  and 
engineer  officer,  tooI<  up  similar  views,  proved  their 
truth,  and  traced  their  consequences,  by  a  seriesj 
of  labours  almost  independent  of  those  of  Dr. 
Young,  It  was  not  till  the  theory  was  thus  re- 
echoed from  another  land,  that  it  was  alile  to  take 
any  strong  hold  on  the  attention  of  the  country- 
man of  its  earlier  promulgator. 

The  theory  of  undulations,  like  that  of  universal 
gravitation,  may  be  divided  into  several  successive 
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«ps  of  generalization.  In  both  cases,  all  these 
steps  were  made  by  the  same  persons;  but  there 
is  this  difference ; — all  the  parts  of  the  law  of  uni- 
versal gravitation  were  ■worked  out  in  one  hurst  of 
inspiration  by  its  author,  and  published  at  one 
time ; — in  the  doctrine  of  light,  on  the  other  hand, 
the  different  steps  of  the  advance  were  made  and 
published  at  separate  times,  with  intervals  between. 
We  see  the  theory  in  a  narrower  form,  and  in  de- 
tached portions,  before  the  widest  generalizations 
and  principles  of  unity  are  reached;  we  see  the 
authors  struggling  with  the  difficulties  before  we 
see  them  successful.  They  appear  to  us  as  men 
like  ourselves,  liable  to  perplexity  and  failure,  in- 
stead of  coming  before  us.  as  Newton  does  in  the 
history  of  Physical  Astronomy,  as  the  irresistible 
and  almost  supernatural  hero  of  a  philosophical 
romance. 

The  main  subdivisions  of  the  great  advance  in 
physical  optics,  of  which  we  have  now  to  give  an 
account,  are  the  following : — 

1.  The  explanation  of  the  periodical  colours  of 
thin  plates,  thick  plates,  fringed  shadows,  striated 
surfaces,  and  other  phenomena  of  the  same  kind, 
by  means  of  the  doctrine  of  the  inter/er&nce  of 
undulations. 

2.  The  explanation  of  the  phenomena  of  dmihle 
rffraction  by  the  propagation  of  undulations  in  a 
medium  of  which  the  optica!  elasticity  is  different 
in  different  directions. 
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3.  The  conception  of  potarizatimi  as  the  result 
of  the  vibrations  being  transverse ;  and  the  conse- 
quent explanation  of  the  production  of  polarization, 
and  the  necessary  connexion  between  polarization 
and  double  refraction,  on  mechanical  principles. 

4.  The  explanation  of  the  phenomena  of  di- 
pohiTtzation,  by  means  of  the  interference  of  the 
resolwd  parts  of  the  vibrations  after  double  refrac- 
tion. 

The  history  of  each  of  these  discoveries  will  be 
given  separately  to  a  certain  extent ;  by  which 
means  the  force  of  proof  arising  from  their  combi- 
uatioD  will  be  more  apparent. 


Sect.  2. — Explanntion  of  the  Periodical  Colours 
of  Thin  Plates  atid  Shadows  by  the  Undulatory 
Theory. 

Toe  explanation  of  periodical  colours  by  the  prin- 
ciple of  interference  of  vibrations,  was  the  first  step 
which  Young  made  in  his  confirmation  of  the  uuilu- 
latory  theory.  In  a  paper  on  Sound  and  Light, 
dated  Emmanuel  College,  Cambridge,  8th  July. 
1799,  and  read  at  the  Royal  Society  in  January 
following,  he  appears  to  incline  strongly  to  the  Huy- 
ghenian  theory ;  not  however  offering  any  new  facts 
or  calculations  in  its  favour,  but  pointing  out  the 
great  difficulties  of  the  Newtonian  hypothesis.  But 
in  a  paper  read  before  the  Royal  Society,  Novem- 
ber !2,  1801,  he  says,  "  A  further  uomjideration  of 
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the  colours  of  thin  plates  has  converted  that  pre- 
possession which  I  before  entertained  for  the  undu- 
latory  theory  of  light,  into  a  very  strong  conviction 
of  its  truth  and  efficiency;  a  conviction  which  has 
since  been  most  strikingly  confirmed  by  an  analysis 
of  the  colours  of  striated  mr/aces."  He  here  states 
the  general  principle  of  interferences  in  the  form 
of  a  proposition.  (Prop,  viii.)  *'When  two  undu- 
lations from  different  origins  coincide  either  per- 
fectly or  very  nearly  in  direction,  their  joint  effect 
is  a  combination  of  the  motions,  belonging  to  them." 
He  explains,  by  the  help  of  this  proposition,  the 
colours  which  were  observed  in  Coventry's  micro- 
meters, in  which  instrument  lines  were  drawn  on 
glass  at  a  distance  of  l-500th  of  an  inch.  The  inter- 
ference of  the  undulations  of  the  rays  reflected  from 
the  two  sides  of  these  fine  lines,  produced  periodical 
colours.  In  the  same  manner,  he  accounts  for  the 
colours  of  tliin  plates,  by  the  interference  of  the 
light  partially  reflected  from  the  two  surfaces  of 
the  plates.  We  have  already  seen  that  Hooke  had 
long  before  suggested  the  same  explanation ;  and 
Young  says  at  the  end  of  his  paper,  "  It  was  not 
till  I  had  satisfied  myself  respecting  all  these  phe- 
nomena, that  I  found  in  Hooke's  Mierographia. 
a  passage  which  might  have  led  me  earlier  to  a 
similar  opinion."  He  also  quotes  from  Newton 
many  passages  which  assume  the  existence  of  an 
ether;  of  which,  as  wc  have  already  seen,  Newton 
suggests  the  necessity  in  these  very  phenomena, 
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though  he  would  apply  it  in  cumbiiiation  wUli  the 
emission  of  material  light,     in  July,  1802,  Yuung] 
explained,  on  the  same  principle,  some  facts  in] 
Indistinct    vision,    and    other  similar   appearances. 
And  in  1803',  he  speaks  more  positively  still.     "In 
making,"  he  says,  "some  experiments  on  the  fringes 
of  colours  accompanying  shadows,  I  have  found  so 
simple  and  so  denjonstrative  a  proof  of  the  general 
law  of  interference  of  two  portions  of  light,  which 
I   have  already  endeavoured   to  establish,  that  I 
think   it  right  to  lay   before  the  Royal  Society  a ' 
short  statement  of  the  facts  which  appear  to  me 
to  be  thus  decisive."     The  two  papers  just  men- 1 
tioned  certainly  ought  to  have  com-inced  all  scien-l 
tific  men  of  the  truth  of  tlie  doctrine  thus  urged ;  [ 
for  the  number  and  exactness  of  the  explanations 
is  very   remarkable.     They  include  the    coloured 
fringes  which  are  seen  with  fibres;  the  colours  pro- 
duced by  a  dew  between  two  pieces  of  glass,  which, 
according  to  the  theory,  should  appear  wlien  the 
thickness  is  siw  times  that  of  thin  plates,  and  which 
do  so ;  the  changes  resulting  from  the  employment 
of  other  fluids  than  water ;  the  effect  of  iuclining 
the  plates;  also  the  fringes  and  bands  which  ac-, 
company   shadows,  the    phenomena   observed  by  I 
Grimaldi,  Newton,  Maraldi,  and  others,  and  hitherto 
never  at  all   reduced  to   rule.     Young  observes, 
very  justly,    "  whatever    may    bo    thought   of  the 
theory,  we  have  got  a  simple  and  general  law"  of 
'  Phii.  Tratia.   Mimoir,  read  Nov.  24. 
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the  phenomena.  He  moreover  calculated  the  len^h 
of  an  undulation  from  the  measurements  of  fringes 
of  shadows,  as  he  had  done  before  from  the  colours 
of  thin  plates ;  and  found  a  very  close  accordance 
of  the  results  of  the  various  castas  tt'ith  one  another, 

There  is  one  difficulty,  and  one  inaccuracy,  in 
Young's  views  at  this  period,  which  it  may  be  pro- 
per to  note.  The  difficultj  was,  that  he  found  it 
necessary  to  suppose  that  light,  when  reflected  at 
a  rarer  medium,  is  retarded  by  half  an  undula- 
tion. This  assumption,  though  often  urged  at  a 
later  period  as  an  argument  a^inst  the  theory,  was 
fully  justified  as  the  mechanical  principles  of  the 
fiubject  were  unfolded ;  and  the  necessity  of  it  was 
clear  to  Young  from  the  first.  On  the  strength 
of  this,  says  he.  "  I  ventured  to  predict,  that  if  the 
reflections  were  of  the  same  kind,  made  at  the  sur- 
faces of  a  thin  plate,  of  a  density  intermediate 
between  the  densities  of  the  mediums  surrounding 
it,  the  central  spot  would  be  white  i  and  I  have 
now  the  pleasure  of  stating,  that  I  have  fully  verified 
this  predietiou  by  interposing  a  drop  of  oil  of  sae- 
salras  between  a  prism  of  flint-glass  and  a  lens 
of  crown-glass." 

The  inaccuracy  of  his  calculations  consisted  in 
his  considering  the  external  fringe  of  shadows  to  be 
produced  by  the  interforence  of  a  ray  rejiected  from 
the  cdife  of  the  object,  with  a  ray  which  passes  clear 
of  it;  instead  of  supposing  oil  the  prirt^i  of  the  wave 
of  light  to  corroborate  or  interfere  with  one  another. 
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The  mathematical  treatment  of  the  question  on  the 
latter  hypothesis  was  by  no  means  easy.  Young 
was  a  mathematician  of  considerable  power  in  the 
solution  of  the  problems  which  eame  before  him: 
though  his  methods  possessed  none  of  the  analytical 
elegance  which,  in  hiu  time,  had  become  g-eneral  in 
France.  But  it  does  not  appear  that  he  ever  solved 
the  problem  of  undulations  as  applied  to  fringes, 
with  its  tnie  conditions.  He  did,  however,  rectify 
his  conceptions  of  the  nature  of  the  interference; 
and  we  may  add,  that  the  numerical  errour  of  the 
consequences  of  the  defective  hypothesis  is  not 
such  as  to  prevent  their  confirming  the  undulatory 
theory  (ka). 

But  though  this  theory  was  thus  so  poweriuUj 
recommended  by  experiment  and  calculation,  it  met 
with  little  favour  iu  the  scientific  world.  Perhaps 
this  will  be  in  some  measure  accounted  for,  when 
we  come,  in  the  next  chapter,  to  speak  of  the  mode 
of  its  reception  by  the  supposed  judges  of  science 
and  letters.  Its  author  went  on  labouring  at  the 
completion  and  application  of  the  theory  in  other 
parts  of  the  subject;  but  his  extraordinary  success 
in  iuu*avelling  the  complex  phenomena  of  which  we 
have  been  speaking,  appears  to  have  excited  none  of 
the  notice  and  admiration  which  properly  belonged 
to  it,  till  Fresnel's  Memoir  On  Diffraction  was  deli- 
vered to  the  Institiftc.  in  October,  1815. 

MM.  Arago  and  I'oiusot  were  commissioned  to 
make  a  report  upon  this  IVIcuioir;  and  the  former 
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of  these  philosophers  threw  himself  upon  the  sub- 
ject with  a  zeal  and  intellig'ence  which  peculiarly 
belonged  to  him.  He  veriBed  the  laws  announced 
by  Fresnel:  **laws,"  he  says,  "which  appear  to  me 
destined  to  make  an  epoch  in  science."  He  then 
cast  a  rapid  glance  at  the  history  of  the  subject,  and 
recognized,  at  once,  the  place  which  Young  occu- 
pied in  it.  Grimaldi,  Newton,  Maraldi,  he  states, 
had  observed  the  facts,  and  tried  in  vain  to  reduce 
them  to  rule  or  cause.  "Such-  was  the  state  of 
our  knowledge  on  this  difficult  question,  when  Dr. 
Thomas  Young  made  the  very  remarkable  experi- 
ment which  is  described  in  i)xB Philitsopkical  Trans- 
actions for  1803  ;"  namely,  that  to  obliterate  all  the 
bands  within  the  shadow,  we  need  only  stop  the  ray 
which  is  going  to  graze,  or  has  grazed,  one  border 
of  the  object.  To  this,  Arago  abided  the  important 
observation,  that  the  same  obliteration  takes  place, 
if  we  stop  the  rays  with  a  transparent  plate ;  except 
the  plate  be  very  thin,  in  which  case  the  bands  are 
displaced,  and  not  extinguished.  "  Fresnel,"  says 
he,  "guessed  the  effect  which  a  thin  plate  would 
produce,  when  1  had  told  him  of  the  effect  of  a 
thick  glass."  Fresnel  himself  declares*  that  he  was 
not,  at  the  time,  aware  of  Young's  previous  labours. 
After  stating  nearly  the  same  reasonings  concerning 
fringes  which  Young  had  put  forward  in  1801,  he 
adds,  "it  is  therefore  the  meeting,  the  actual  cross- 
ing of  the  rays,  which  produces  the  fringes.     This 

■  Ann.  Chim.  UUS,  Febr.  "  ="  lb.  torn,  ivJi.  p.  402. 
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consequence,  which  is  only,  so  to  speak,  the  trans- 
lation of  the  phGnomenon,  seems  to  me  entirely 
opposed  to  the  hypothesis  of  emission,  and  confirms 
the  system  which  makes  light  consist  in  the  vibra- 
tions of  a  peeuliar  fluid."  And  thus  the  Principle 
of  Interferences,  and  the  theory  of  undulations,  SO 
far  as  that  principle  depends  upon  the  theory,  was  a 
second  time  established  by  Fresnel  in  France,  four- 
teen years  after  it  had  been  discovered,  fully  proved, 
and  repeatedly  published  by  Young  in  England. 

In  this  Memoir  of  Fresnel's,  he  takes  very  nearly 
the  same  course  as  Young  had  done;  considering' 
the  interference  of  the  direct  light  with  that  re- 
flected at  the  edge,  as  the  cause  of  the  external 
fringes ;  and  he  observes,  that  in  this  reflection  it  is 
necessary  to  suppose  half  an  undulation  lost:  but  a 
few  years  later,  he  considered  the  propagation  of 
undulations  in  a  more  true  and  general  manner, 
and  obtained  the  solution  of  this  difficulty  of  the 
half-undulation.  Ilis  more  complete  Memoir  ou 
Diffmction  was  delivered  to  the  Institute  of  France, 
July  29,  1818;  and  had  the  prize  awarded  it  in 
1819':  but  by  the  delays  which  at  that  period 
occurred  in  the  publication  of  the  Parisian  Acade- 
mical Transactimis.  it  was  not  published'  till  1826. 
when  the  theory  was  no  longer  generally  doubtfiil 
or  unknown  in  the  scientific  world.  In  this  Memoir, 
Fresnel  observes,  that  we  must  consider  the  effect 
of  every  portion  of  a  wave  of  light  upon  a  distant 
'  Ann.  Ckim.  May,  18114.  "  Mem.  Intl  for  1821-2. 
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point,  and  must,  on  this  principle,  tiud  the  illuiuLua- 
tion  produced  by  any  number  of  such  waves  toge- 

,  thei.  Hence,  in  general,  the  process  of  integration 
is  requisite ;  and  though  the  integrals  which  here 
offer  themselves  arc  of  a  new  and  difficult  kind,  he 
succeeded  in  making  the  calculation  for  the  eases  in 
which  he  experimented.  His  Tafile  of  the  Corre- 
spowlencee  of  Theory  and  Obseitation',  is  very 
remarkable  for  the  closeness  of  the  agreement;  the 
errours  being  generally  less  than  one  hundredth  of 
the  whole,  in  the  distances  of  the  bla«k  bands.     He 

I  justly  adds,  "A  more  striking  agreement  could  not 
be  expected  between  experiment  and  theory.  If  we 
compare  the  smallness  of  the  differences  with  the 
extent  of  the  breadths  measured  ;  and  if  we  remark 
the  great  variations  which  a  and  b  (the  distance  of 
the  object  from  the  luminous  point  and  from  the 
screen,)  have  received  in  the  different  observations, 
we  shall  find  it  difficult  not  to  regard  the  integral 
which  has  led  us  to  these  results  as  the  faithful 
expression  of  the  law  of  the  phenomena." 

A  mathematical  theory,  applied,  with  this  suc- 
cess, to  a  variety  of  cases  of  very  different  kinds, 
could  not  DOW  fail  to  take  strong  hold  of  the  atten- 
lioa  of  mathematicians ;  and  accordingly,  from  this 
time,  the  undulatory  doctrine  of  diflraetion  has  been 
generally  assented  to.  and  the  mathematical  diffi- 
culties which  it  involves,  have  been  duly  studied 
and  struggled  with. 

'  M^m.  inxt.  J),  42(J— 124. 
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Among  the  remarkable  earlier  applications  o| 
the   undulatory   doctrine  to    diffraction,    we   maj 
notice  those  of  Joseph  FrauDhofer,  a  mathematical 
optician  of  Munich.     He  made  a  great  number  of 
experiments  on  the  shadows  produced  bj  small 
holes,  and  groups  of  small   holes,  very  near  eachj 
other.    These  were  published'  in  his  New  Modtfirn'\ 
tions  0/ Liffkt,  in  1823.     The  greater  part  of  tl 
Memoir  is  employed  in  tracing  the  laws  of  pheno- 
mena of  the  extremely  complex  and  splendid  ap-j 
pearances  which  he  obtained;  but  at  the  conclusion] 
he  observes,  "  It  is  remarkable  that  the  laws  of  the 
reciprocal  iafluenoe  and  of  the  diffraction  of  the] 
rays,  can  be  deduced  from  the  principles  of  th< 
undulatory  theory;    knowing  the   conditions,    w( 
may,  by  means  of  an  extremely  simple  equation, 
determine  the  extent  of  a  luminous  wave  for  each 
of  the  different  colours ;  and  In  every  case^  the  eal-j 
culation  corresponds  with  obser\*ation,"    This  men-l 
tion  of  "an  extremely  simple  equation,"  appears 
imply  that  he  employed  only  Young's  and  Fresnel'i 
earlier  mode  of  calculating  interferences,  by  con-^ 
sidering  two  portions  of  light,  and  not  the  method 
of  integration.     Both  from  the  late  period  at  whicl 
they  were  published,  and  from  the  absence  of  ma 
thematical    details,  Fraunhofor's    labours   had   not 
any  strong  influence  on  the  establishment  of  tbe^ 
undulatory    theory ;    although    they    are    excellent 

'  In  Sebum aclior's  Axironomiche  Ali/iandtnTigen,  In  French 
earlier,  in  German, 
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Terifieations  of  it,  both  from  the  goodness  of  the 
obsen'ations,  and  the  complexity  and  beautv  of  the 
phenomena. 

We  have  now  to  consider  the  progress  of  the 
undulatory  theory  in  another  of  its  departments, 
according  to  the  division  already  stated. 

Sect.  3. — Explanation  of  Double  Refraction  bji  the 
Undulatory  Theoi*y. 

We  have  traced  the  history  of  the  undulatory  theory 
applied  to  diflS-action,  into  the  period  when  Young 
came  to  have  Fresnel  for  his  fellow-labourer.  But 
in  the  mean  time^  Young  had  considered  the  theory 
in  its  reference  to  other  phenomena,  and  especially 
to  those  of  double  refraction. 

In  this  ease,  indeed,  Huyghens's  explanation  of 
the  facts  of  Iceland  spar,  by  means  of  spheroidal 
undulations,  was  so  complete^  and  had  been  so  ftilly 
confirmed  by  the  measurements  of  Haiiy  and  Wol- 
laston,  that  little  remained  to  be  done,  except  to 
connect  the  Huyghenian  hypothesis  with  the  me- 
chanical views  belonging  to  the  theory,  and  to 
extend  his  law  to  other  cases.  The  former  part  of 
this  task  Young  executed,  by  remarking  that  we 
may  conceive  the  elasticity  of  the  crystal,  on  which 
the  velocity  of  propagation  of  the  luniiniferous 
undulation  depends,  to  be  different,  in  the  direction 
of  the  crystallographic  axis,  and  in  the  direction  of 
the  planes  at  right  angles  to  this  axis;  and  from 
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such  a  difference,  he  deduces  the  existence  of 
spheroidal  un<Iulations.  This  suggestion  appeared 
in  the  Qaarterhf  Revmc  for  November,  1809,  in  a 
critique  upon  an  attempt  of  Laplace  to  account  for 
the  iiame  phenomenon.  Laplace  had  proposed  to 
reduce  the  double  refraction  of  such  ci-ystals  as 
Iceland  spar,  to  his  favourite  niacliinery  of  forces 
which  are  sensible  at  small  distances  only.  The- 
peculiar  forces  which  produce  the  effect  in  this  case, 
he  conceives  to  emanate  from  the  crystal loyraphic 
axis ;  so  that  the  velocity  of  light  within  the  crystal 
will  depend  only  on  the  situation  of  the  ray  with 
respect  to  this  axis.  But  thf  establishment  of  this 
condition  is,  as  Young  observes,  the  main  difficulty 
of  the  problem.  How  are  we  to  conceive  refracting- 
forces,  independent  of  the  surface  of  the  refracting 
medium,  and  regulated  only  by  a  certain  internal 
line?  Moreover,  the  law  of  force  which  Laplace 
was  obliged  to  assume,  namely,  that  it  varied  as  the 
square  of  the  sine  of  the  angle  wliich  the  ray  made 
with  the  axis,  could  hardly  be  reconciled  with  me- 
chanical principles.  In  the  critique  just  mentioned. 
Young  appears  to  feel  that  the  undulatory  theory, 
and  perhaps  he  himself,  had  not  received  justice  at 
the  hands  of  men  of  science ;  he  complains  of  a  per- 
son so  eminent  in  the  world  of  science  as  Laplaco 
then  waSj  employing  his  influence  in  propagating 
errour,  and  disregarding  the  extraordinary  confirm- 
ations which  the  Huyghenian  theory  liai!  recently 
received. 
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The  extension  of  this  view,  of  the  different  elas- 
ticity of  crystals  in  ditt'erent  directions,  to  other 
than  uniaxal  crystals,  was  a  more  complex  and 
difficult  problem.  The  general  notion  was  perhaps 
obvious,  after  what  Young  had  done ;  but  its  appli- 
cation and  verification  involved  mathematical  cal- 
culations of  great  generality,  and  required  also  very 
exact  experiments.  In  fact,  this  application  was 
not  made  till  Fresnel,  a  pupil  of  the  Polytechnic 
School,  brought  the  resources  of  the  modem  ana- 
lysis to  bear  upon  the  problem  ;■ — till  the  pheno- 
mena of  dipoiarized  light  presented  the  properties 
of  biaxal  crystals  in  a  vast  variety  of  forms ; — and 
till  the  theory  received  its  grand  impulse  by  the 
combination  of  the  explanation  of  polarization  with 
that  of  double  refraction.  To  the  history  of  this 
last-mentioned  great  step  we  now  proceed. 

Sect.  4. — Ejcjifanati&n  qf  Polarization  bif  the 
Undidaton/  Theory. 

Even  while  the  only  phenomena  of  po/rmzntion 
which  were  known  were  those  which  affect  the  two 
images  in  Iceland  ^rdT,  the  difflcidty  which  those 
facts  seemed  at  first  to  throw  in  the  way  of  tbo 
undulatory  theory  was  felt  and  acknowledf^d  by 
Voung.  Malus's  discovery  of  polarization  by  reflec- 
tion increased  the  difficulty,  and  this  Young  did  not 
attempt  to  conceal.  In  his  review  of  the  papers 
containing  this  discovery'  he  says,  "  The  discovery 


'  QiiiiiL  Rev.  Mny,  Iflio. 
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related  in  these  papers  appears  to  us  to  be  hy  &t 
the  most  important  and  interesting  which  has  been 
made  in  France  conceruing  the  properties  of  light 
at  least  since  the  time  of  Huyghens;  and  it  is  so 
much  the  more  deserving-  of  notice,  as  it  greatly 
inHuences  the  general  halance  of  evidence  in  the 
comparison  of  the  tindulatory  and  projectile  theo- 
ries of  the  nature  of  light."  He  then  proceeds  to 
point  out  the  main  features  in  this  comparison, 
claiming  justly  a  great  advantage  for  the  theory  of 
undulations  on  the  two  points  we  have  been  consi- 
dering, the  phenomena  of  diflfraetion  and  of  double 
refraction.  And  he  adds,  with  reference  to  the  em- 
barrassment introduced  by  polarization,  that  we  are 
not  to  expect  the  course  of  scientific  discovery  to 
run  smooth  and  uninterrupted ;  but  that  wc  are  to 
lay  oxir  account  with  partial  obscurity  and  seeming 
contradiction,  which  we  may  hope  that  time  and 
enlarged  research  will  dissipate.  And  thus  he 
steadfastly  held,  with  no  blind  prejudice,  but  with 
unshaken  confidence,  his  great  philosophical  trust, 
the  fortunes  of  the  imdulatory  theory.  It  is  here, 
after  the  difficulties  of  polarization  had  come  into 
view,  and  before  their  solution  had  been  diseovered, 
that  we  may  place  the  darkest  time  of  the  history 
of  the  theory ;  and  at  this  period  Young  was  alone 
in  the  field. 

It  does  not  appear  that  the  light  dawned  upon 
him  for  some  years.  In  the  mean  time.  Young 
found  that  his  theory  would  explain   dipolarized 


EPOCH  OF  VOUNG  AND  FRESNEL. 


453 


colours;  and  he  had  the  satisfaction  to  see  Fresnel 
re-Jiscover,  and  M,  Ara;go  adupt,  his  views  ou  dif- 
fraction.    He  became  engaged  in  friendly  inter- 
course with  the  latter  philosopher,  who  visited  him 
in  England  in  T816.     Ou  January  the  12th,  1817, 
in.  writing  to  this  gentleman,  among  other  remarks 
on  the  subject  of  optics,  he  says,  "  I  have  also  been 
reflecting  on  the  possibility  of  giving  an  imperfect 
explanation  of  the   afiection  of  light   which   con- 
stitutes  polarization,   mtliout   departing  from  the 
genuine  doctrine  of  undulation."    He  then  proceeds 
to  suggest  the  possibility  of  "  a  transverse  vibra^ 
tion,  propagated  in  the  direction  of  the  radius,  the 
motions  of  the  particles  being  in  a  certain  constant 
direction  with  respect  to  that  radius ;  and  this,"  he 
adds.  "is^JofaWifl/fOTf."    From  his  further  c::cplana- 
fclon  of  his  views,  it  appears  that  he  conceived  the 
motions  of  the  particles  to  be  oblique  to  the  direc- 
tion of  the  ray,  and  not  perpend ieular,  as  the  theory 
was   afterwards   framed ;    but  still,   here  was  the 
essential  condition  for  the  explanation  of  the  facts 
of  polarization,— the  transverse  nature  of  the  vibra- 
tions.    This  idea  at  once  made  it  possible  to  con- 
ceive how  the  rays  of  light  could  have  sides;  for 
the  direction  in  which  the  vibration  was  transverse 
to  the  ray,  might  be  marked  by  peculiar  properties. 
And  after  the  idea  was  once  started,  it  was  com- 
paratively easy  for  men  like  Young  and  Fresnel 
to  pursue  and  modify  it  till  it  assumed  its  true  and 
distinct  form. 
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We  may  judge  of  the  difficulty  of  taking  fimily 
hold  of  the  conception  of  transverse  vibrations  of  ^H 
the  ether,  as  those  which  constitute  light,  by  ob-  ™ 
serving  bow  long  the  great  philosophers  of  whom 
we  are  speaking  lingered  withia  reach  of  it,  before 
they  ventured  to  grasp  it.  Fresnel  says,  in  1821, 
"When  M.  Arago  and  I  had  remarked  (in  1816) 
that  two  rays  polarized  at  right  angles  always  give 
the  same  quantity  of  light  by  their  union.  I  thought 
this  might  bo  explained  by  supposing  the  vibra- 
tions to  be  transverse,  and  to  be  at  right  angles 
■when  the  rays  are  polarized  at  right  angles.  But 
this  supposition  was  so  contrary  to  the  rwioived 
ideas  on  the  nature  of  the  vibrations  of  elastic 
fluids,"  ,  that  Fresnel  hesitated  to  adopt  it  till  he 
could  reconcile  it  better  to  his  mechanical  notions. 
"  Mr.  Young,  more  bold  in  his  conjectures,  and  lesa 
confiding  in  the  views  of  geometers,  published  it 
before  me,  though  perhaps  he  thought  it  after  me." 
And  M.  Arago  was  afterwards  wont  to  relate"  tfaftt 
when  he  and  Fresnel  had  obtained  their  joint  ex- 
perimental results,  of  the  non-intericronco  of  oppo- 
sitely polarized  pencils,  and  when  Fresnel  pointed 
out  that  transverse  vibrations  were  the  only  possible 
translation  of  this  fact  into  the  undulatory  theory, 
he  himself  protested  that  he  had  not  courage  to 
publish  such  a  conception;  and  accordingly,  the 
second  part  of  the  Memoir  was  published  in  Fres- 
nel's  name  alone.     What  renders  this  more  remark- 

*  I  take  t!i«  li^rtj  of  stating  this  froin  personal  knowlct%Ot 
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able  is,  that  it  occurred  when  M.  Arago  had  in  his 
possession  the  very  letter  of  Young,  in  which  ho 
proposed  the  same  suggestion. 

Ynung's  first  puhlishe<l  statement  of  the  do(P 
trine  of  transverse  vibrations  was  given  in  the  ex- 
planation of  the  phenomena  of  dipolarization,  of 
whieh  we  shall  have  to  speak  in  the  ifext  Section, 
But  the  primary  and  immense  value  of  this  con- 
ception, as  a  step  in  the  progress  of  the  undulatory 
theory,  was  the  connexion  which  it  established  be- 
tween polarixation  and  doul)lc  refraction ;  for  it  held 
forth  a  promise  ofaeeounting  for  polarization,  if  any 
conditions  could  i>e  found,  which  mig^ht  determine 
what  was  the  direction  of  the  transverse  \'ibrations. 
The  analysis  of  these  conditions  is,  in  a  great  mea- 
sure, the  work  of  Fresnel ;  a  task  of  profo\ind  phi- 
losophical sagacity  and  mathematical  skill. 

Since  the  double  refraction  of  aniaxal  crystals 
could  be  explained  by  undulations  of  the  form  of  a 
spheroid,  it  was  perhaps  not  difficult  to  conjecture 
that  the  undulations  of  biaxal  crystals  would  be 
accounted  for  by  undidations  of  the  form  of  an 
ellipsoid,  which  differs  from  the  spheroid  in  having 
its  throe  axes  unequal,  instead  of  two  only;  and 
consequently  has  that  very  relation  to  the  other,  in 
respect  of  symmetry,  which  the  crystalline  and 
optical  phenomena  have.  Or,  again,  instead  of 
"  supposing  t-fto  different  degrees  of  elasticity  in 
_  different  directions,  we  may  suppose  three  such  dif- 
■  fereiit  degrees  in  directions  at  right  angles  to  each 


456 


HISTOBY  OF  OPTICS. 


other.     This  kind  of  generalization  was  tolerably 
obvious  to  a  practised  mathematician. 

But  what  shall  call  into  play  all  these  elasticities 
at  once,  and  produce  waves  governed  by  each  of 
them  ?  And  what  shall  explain  the  different  po- 
larization of  the  rays  which  these  separate  waves 
carry  with  them  ?  These  were  difficult  questions, 
to  the  solution  of  which  mathematical  calculation 
had  hitherto  been  unable  to  offer  any  aid. 

It  was  here  that  the  conception  of  transverse 
vibrations  came  in,  like  a  beam  of  sunlight,  to  dis- 
close the  possibility  of  a  mechanical  connexion  of 
all  these  facts.  If  transverse  vibrations,  travelhng 
through  a  uniform  medium,  come  to  a  medium  not 
imiform,  but  constituted  so  that  the  elasticity  shall 
be  different  in  different  directions,  in  the  manner 
we  have  described,  what  will  be  the  course  and  con- 
dition of  the  waves  in  the  second  medium?  Will 
the  effects  of  such  waves  agree  with  the  phenomena 
of  doubly-refracted  light  in  biasal  crystals?  Here 
was  a  problem,  striking  to  the  mathematician  for 
its  generality  and  difficulty,  and  of  deep  interest 
to  the  physical  philosopher^  because  the  fate  of  a 
great  theory  depended  upon  its  solution. 

The  solution,  obtained  by  great  mathematical 
skin,  was  laid  before  the  French  Institute  by  Fres- 
nol  in  November,  1821,  and  was  carried  further 
in  two  Memoirs  presented  in  1822.  Its  import  is 
very  curious.  The  undulations  which,  coming  firom 
a  distant  center,  fall  upon  such  a  medium  as  we 
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ve  described,  are,  it  appears  from  the  principles 
of  mechanics,  propagated  in   a  manner  quite  dif- 
ferent from  anything  which  had  been  anticipated. 
'  The  "  surface  of  the  waves"  (that  is,  the  surface 
iwhich  would  bound  undulations  diverging  from  a 
rpoint,)  is  a  very  complex,  yet  symmetrical  curve 
surface ;  which,  in  the  case  of  uniaxal  crystals,  re- 
reolves  itself  Into  a  sphere  and  a  spheroid;  but  which, 
[«n  general,  forms  a  continuous  double  envelope  of 
the  central  point  to  which  it  belongs,  intersecting 
itself^  and  returning  into  itself.     The  directions  of 
the  rays  are  determined  by  this  curve  surfaee  in 
pbiaxal  crystals,  as  in  uniaxal  crystals  they  are  de- 
termined by  the  sphere  and  the  spheroid;  and  the 
result  is,  that  in   biaxal  crystals,   both  rays  suffer 
€Xtraordi7Kuy  refraction  according  to  determinate 
laws.     And  the  positions  of  the  planes  of  polariza- 
I^OD  of  the  two  rays  follow  from  the  same  investi- 
l^ation;  the  plane  of  polarization  in  every  case  being 
supposed  to  be  that  which  is  perpendicular  to  the 
transverse  vibrations.     Now  it  appeared  that  the 
polarization  of  the  two  rays,  as  determined  by  Fres- 
'  'nel's  theory,  would  be  in  directions,  not  indeed  ex- 
actly accordant  with  the  law  deduced  by  M.  Biot 
from  experiment,  but  deviating  so  little  from  those 

f 'directions,  that  there  could  be  small  doubt  that  the 
empirical  fomiula  was  wrong,  and  the  theoretical 
one  right. 

The  theory  was  further  confirmed  by  an  expe- 
ent  showing  that,  \i\  a  biaxal  crystal  (topaz). 
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neithet  of  the  rays  was  refracted  according  to 
ordinary  law,  though  it  liad  hitherto  biBen  supposed 
that  one  of  them  was  so; — a   natural  inaccuracy, 
since  the  errour  was  small '^     Thus  this  beiiutifii] 
theory  corrected,  while  it  explained,  the  best  of  the 
observations  which  had  previously  been  made;  andj 
offered  itself  to  mathematicians  with  an  almoa 
irresistible  power  of  conviction.     The  explanation 
of  laws  so  strang-e  and  diverse  as  those  of  double 
refraction  and  polarization,   by  the  same  general 
and  s^tiimetrical  theory,  could  not  result  from  any-^ 
thing  but  the  truth  of  the  theory  (la).  V 

"Long,"  says  Fresnel",  "before  I  had  conceived 
this  theory,  I  had  convinced  myself,  by  a  pure  coq- 
templation  of  the  facts,  that  it  was  not  possible 
discover  the  true  explanation  of  double  refracttor 
without  ex])laining,  at  the  same  time,  the  pheno-^ 
mena  of  polarization,  which  always  goes  along  with 
it ;  and  accordingly,  it  was  after  having  found  what 
mode  of  vibration  constituted  polarization,  that  I 
caught  sight  of  the  mechanical  causes  of  doublfl 
refraction." 

Having  thus  got  possession  of  the  principle 
the  mechanism  of  polarization,  Fresnel  proceedec 
to  apply  it  to  the  other  cases  of  polarized   Ug^ht 
with  a  rapidity  and  sagacity  which  reminds  us  of  fl 
the  spirit  in  which  Newton  traced  out  the  conse-  ^ 
quences  of  the  principle  of  universal  gravitation- 

'"  An.  C/i.ixviii.  i).2«j4. 

"  Sar  It,  Douhk  lie/.,  M^m.  ThsL  1826,  p.  174. 
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In  the  execution  of  his  task,  indeed,  Fresne!  was 
forced  upon  several  precarious  assumptions,  which 
make,  even  yet,  a  wide  diiference  between  the  theory 
of  gTTivitation  and  that  of  light.  But  the  mode  in 
which  these  were  confirmed  hy  experiment,  com- 
pels us  to  admire  the  apparently  happy  boldness  of 
the  calculator. 

The  subject  of  pohHzatio-n  by  rejection  was 
one  of  those  which  seemed  most  untractablle ;  but, 
by  means  of  various  artifices  and  conjectures,  it  was 
broken  up  and  subdued.  Fresnel  began  with  the 
simplest  Case,  the  reflection  of  light  polarized  in 
the  plane  of  reflection  ;  whaeh  he  solved  by  means 
of  the  laws  of  collision  of  elastic  bodies.  He  then 
took  the  reflection  of  light  polarized  perpendicu- 
larly to  this  plane;  and  here,  adding  to  the  general 
mechanical  principles  a  hypothetical  assumption, 
that  the  communication  of  the  resolved  motion 
parallel  to  the  refracting  surface,  takes  place  ac- 
cording to  the  laws  of  elastic  bodies,  he  obtains  his 
formula.  These  results  were  capable  of  comparison 
with  experiment ;  and  the  comparison,  when  matle 
by  M.  Arago,  confirmed  the  forraulm.  They  ac- 
counted, too,  for  Sir  D.  Brcwstcrs  law  concerning 
the  polarizmg  angle  (see  Chap,  vi,) ;  and  this  could 
not  but  be  looked  upon  as  a  striking  evidence  of 
their  having  some  real  foundation.  Another  artifice 
which  MM.  Fresnel  and  Arago  employed,  in  order 
to  trace  the  effect  of  reflection  upon  common  light, 
was  to  use  a  ray  polarized  iu  a  plane  making  half 
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a  right  angle  with  the  plane  of  reflection ;  for  i 
qiiaiitltiGs  of  the  oppositely"  polarized  light  in  sm 
an  incident  ray  are  equal,  as  thej-  are  in  common 
light;  but  the  relative  quantities  of  the  oppositely 
polarized  light  in  the  reflected  ray  are  indicated  by 
the  new  plane  of  polarization ;  and  thus  these  rela-^j 
tive  quantities  become  known  for  the  case  of  coni^H 
mon  light.  The  results  thus  obtained  were  also 
confirmed  by  facts;  and  in  this  manner,  all  that 
was  doubtful  in  the  process  of  Fresncl's  reasoning, 
seemed  to  be  authorized  by  its  application  to  ra 
cases. 

These  investigations  were  published'^  in  1821 
In  succeeding  years,  Fresnel  undertook  to  extend 
the  application  of  his  formula  to  a  case  in  which      i 
they  ceased  to  hare  a  meaning,  or.  in  the  langua^ 
of  mathematicians,  became  imaginary ;   namely,  to^J 
the  case  of  internal  reflection  at  the  surface  of  aH 
transparent  body.     It  may  seem  strange  to  those 
who  are  not  mathematicians,  but  it  is  undoubtedl] 
true,  that  in  many  cases  in  which  the  solution  of 
problem  directs  impossible  arithmetical  or  algebra- 
ical operations  to  be  performed,  these  directions 
may  be  so  interpreted  as  to  point  out  a  true  solution 
of  the  question.     Such  an  interpretation  Fresnel 
attempted'*  in  the  case  of  which  we  now  speak; 

"  It  will  be  recollected  all  along,  that  opposileij/  polnnzed 
mya  are  those  which  are  polajized  in  two  planes  perpendic. 
tu  each  other.     Sec  p.  375. 

"  An.  Chim.  t.  xvii.  "  Buitet.  dea.  Sc.  Feb,  1823. 
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and  the  result  at  wliich  he  arrived  was,  that  the 
reflectiou  of  light  through  a  rhomb  of  glass  of  a 

jeertain  form  (since  called  Fresmts  rhomb),  would 
produce  a  polarization  of  a  kind  altogether  different 
from  those  which  his  theory  had  previously  con- 
sidered, namely,  that  kind  which  we  have  spoken  of 
as  circular  iwlarization.  The  complete  confirma- 
tion of  this  curious  and  unexpected  result  by  trial, 

1 18  another  of  the  extraordinary  triumphs  which  have 
distinguished  the  history  of  the  theory  at  every  step 
since  the  commencement  of  Fresnol's  labours. 

But  anything  further  which  has  been  done  in 
this  way,  may  be  treated  of  more  properly  in  re- 
lating the  verification  of  the  theory.  And  we  have 
still  to  speak  of  the  most  numerous  and  varied 
class  of  facts  to  which  rival  theories  of  light  wore 
applied,  and  of  the  establishment  of  the  undulatory 

I  doctrine  in  reference  to  that  department ;  I  mean 
the  phenomena  of  depolarized,  or  rather,  as  I  have 
already  said,  rffpolarized  light. 


Sect.  5. — Ex})lanation  qf  Dipolarizatioji  Ay  ihe 
Undulatory  Theory. 


I 


When  Arago,  in  181.1,  had  discovered  the  colours 
produced  by  polarized  light  passing  through  certain 
crystals",  it  was  natural  that  attempts  should  be 
made  to  reduce  them  to  theory.  M.  Biot,  animated 
by  the  success  of  Malus  in  detecting  the  laws  of 

"  Sec  p.  420. 
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double  refraction,  and  Young,  knowiug  the  tl-so 
of  his  own  tlieory,  were  the  first  persons  to  enter 
upon  this  undertaking.  M.  Biot's  theory,  though  in 
the  end  ilisplaccd  hy  its  rival,  is  well  worth  notice 
in  the  history  of  the  subject.  It  was  what  he  called 
the  doctrine  of  moveable  polar izution.  He  con- 
ceived that  when  the  moJecules  of  light  pass  through 
thin  crystalline  plates,  the  plane  of  polarization 
undergoes  an  oscillation  which  carries  it  backwards 
and  forwards  through  a  certain  angle,  namely,  twice 
the  angle  contained  between  the  original  plane  of 
polarization  and  the  principal  section  of  the  crystal. 
The  intervals  which  this  oscillation  occupies  are 
lengths  of  the  path  of  the  ray,  very  minute,  and 
different  for  different  colours,  like  Newton's  fits 
easy  transmission;  on  which  model,  indeed,  the  new 
theory  was  evidently  framed '^  The  colours  pro- 
duced in  the  phenomena  of  dipolarization  rcaJly  do 
depend,  in  a  periodical  manner,  on  the  length  oi"  the 
path  of  the  light  through  the  crystal,  and  a  theory 
such  as  Biot's  was  capable  of  being  modified,  and 
was  modified,  so  as  to  include  the  leading  features 
of  the  facts  as  then  known ;  but  many  of  its  condi- 
tions being  founded  on  special  circumstances  in  the 
experiments,  and  not  on  the  r^  conditions  of 
nature,  there  were  in  it  several  incongruities,  as 

'"  Sec  MM.  Anigu  and  Biot'a  Monioiia,  Mem.  Ia»l.  for  IHU  ;J 
till!  whwle  volume  ftjt  1812  ig  4  Memoir  of  M.  Biot'a  (puLlifllnwl 
1814);  ftlso  JlJ.w.  List,  fuf  1317;  M.  Biot's  Mom.  read  m  1818,, 
piiblislicd  in  181U,  :iBd  Ibr  101(1- 


id 
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well  as  the  general  defect  of  its  being  an  arbitrary 
and  unconnected  hypotheas. 

Young's  mode  of  accounting  for  the  brilliant 
phenomena  of  dipoLarization  appeared  in  the  Qiiar- 
terJ]^  Review  for  1814.  Aflcr  noticing  the  disco- 
vorics  of  MM,  Arago,  Brewster,  and  Biot,  he  adds, 
"We  have  no  doubt  that  the  surprize  of  these  gen- 
tlemen will  be  as  great  as  our  own  satisfaction  in 
finding  that  they  are  perfectly  reducible,  like  other 
causes  of  recurrent  colours,  to  the  general  laws  of 
the  interference  of  light  which  have  been  established 
in  this  country;"  giving  a  reference  to  his  former 
statements.  The  results  are  tlien  explained  by  the 
interference  of  the  ordinary  and  extraordinary  ray. 
But,  as  M.  Arago  properly  observes,  in  his  account 
of  this  matter '-,  "  It  must,  however,  be  added  that 
Dr.  Young  had  not  explained  either  in  what  circum- 
stances the  interfereuce  of  the  rays  can  take  place, 
nor  why  we  see  no  colours  unless  the  crystallized 
plates  are  exposed  to  light  previously  polarized." 
The  explanation  of  those  circumstances  depends  on 
the  laws  of  interference  of  polarized  light  which 
MM.  Arago  and  Fresnel  established  in  181 G.  They 
then  proved,  by  direct  experhnent,  that  when  po- 
larized light  was  treated  so  as  to  bring  into  view 
the  most  marked  phenomena  of  interference,  namely, 
the  bauds  of  shadows ;  pencils  of  light  which  have 
a  common  origin,  and  which  are  polarized  in  the 
parallel  planes,  interfere  completely,  while  those 

"   Enc.Bril.  Supp    art,  Volarfzalion. 
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which  are  polarized  in  opposite  (that  is,  perpendi. 
cular,)  planes  do  not  interfere  at  all'*.  Taking  thcso 
principles  into  the  account,  Fresnel  explained  very 
completely,  by  means  of  the  interference  of  undular 
tloiis,  all  the  circumstances  of  colours  pro<Iuced  by. 
crystallized  plates ;  showing  the  necessity  of  th' 
$mlarizali6n  in  the  first  instance ;  the  dipolariziv^ 
effect  of  the  crystal;  and  the  office  of  the  anafyzing 
plate,  by  which  certain  portions  of  each  of  the  two 
rays  in  the  crystal  are  made  to  interfere  and  pro- 
duce colour.  This  he  did,  as  he  says'^  without 
being  aware,  till  Arago  told  htra,  that  Young  had, 
to  some  extent,  anticipated  him. 

When  we  look  at  the  history  of  the  emission 
theory  of  light,  we  see  exactly  what  we  may  con-j 
sider  as  the  natural  course  of  things  in  the  care 
of  a  false  theory.  Such  a  theory  may,  to  a  certain 
extent,  explain  the  phenomena  ^vhich  it  was  at  first 
contrived  to  meet;  but  every  new  class  of  facts 
requires  a  new  supposition,— an  addition  to  thff 
machinery ;  and  as  observation  goes  on,  these  inco^ 
herent  appendages  accumulate,  till  they  overwhelm 
and  upset  the  original  frarae-work.  Sueh  was  the 
history  of  the  hypothesis  of  solid  epicycles ;  such 
has  been  the  history  of  the  hypothesis  of  the 
material  emission  of  light.  In  its  simple  form,  it 
explained  reflection  and  refraction ;  but  the  colours 
of  thin  plates  added  to  it  the  hypothesis  of  fits  of 
easy  transmission  and  reflection  ;  the  phenomena  of 
"  Ann.  Ckim.  turn.  x.  '■  lb.  torn.  xvii.  p.  ^02. 
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diffraction  further  iuvested  the  particles  with  com- 
plex hypothetical  laws  of  attraction  and  repulsion ; 
polarization  gave  them  sides;  double  refraction 
subjected  thcra  to  peculiar  forces  emanatiug  from 
the  axes  of  crj-stals ;  finally,  dipolariy^tion  loaded 
them  with  the  complex  and  unconnected  contriv- 
ance of  moveable  polarization ;  and  even  when  all 
this  had  been  assumed,  additional  raechanisni  was 
wanting.  There  is  here  no  unexpected  success,  no 
happy  coincidence,  no  convergence  of  principles 
from  remote  quarters :  the  philosopher  builds  the 
machine,  but  its  parts  do  not  fit;  they  hold  toge- 
ther only  while  he  presses  them :  this  is  not  the 
character  of  truth. 

In  the  undulatory  theory,  on  the  other  hand,  all 
tends  to  unity  and  simplicity.     We  explain  reflec- 
tion and  refraction  by  undulations ;  when  we  come 
to  thin  plates,  the  requisite  "fits,"  are  already, 
involved  in  our  fundamental  hypothesis,   for  they 
are  the  length  of  an  undulation :  the  phenomenal 
of  diflractiou  also  require  such  intervals ;  and  the  j 
intervals   thus    required    agree    exactly    with    the 
others  in  magnitudcj  so  that  no  new  property  is>| 
needed.     Polarization  for  a  moment  checks  us;  butJ 
not   long;    for  the   direction  of  our  vibrations   isj 
hitherto  arbitrary ; — we  allow  polarization  to  de-| 
cide  it.     Having  done  this  for  the  sake  of  polarlza- 
tion^  we  find  that  it  also  answers  an  entirely  dii- 
ferent  purpose,  that  of  giving  the  law  of  double 
refraction.     Truth  may  give  rise  to  such  a  ooin- 
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cidence;  falsehood  cannot.    But  the  phenomena  be- 
came more  numerous,  more  various,  more  strange: 
— no  matter :  the  theory  is  equal  to  them  all.     It 
makes  not  a  single  new  physical  hypothesis;  b«t' 
out  of  its  original  stock  of  principles  it  educes 
the  counterpart  of  all  that  observatiou  shows.     It_ 
accounts  for,  explains,  simplifies,  the  most  entanglec 
cases;  corrects  known  laws  and  facts;  predicts  and 
discloses  unknown  ones;  becomes  the  guide  of  its 
former  teacher,   observation;    and.  enlightened  by 
mechanical  conceptions,  acquires  an  insight  which 
pierces  through   shape   and  colour  to  force  aufl 
cause  (ma). 

We  thus  reach  the  philosopliical  nio-ral  of  thiti 
history,  so  important  in  reference  to  our  purpose] 
and  htre  we  shall  close  the  account  of  the  discovery' 
and  promulgation  of  the  undulatory  theory,  Anjj 
further  steps  in  its  developement  and  cxt«nsioi 
may  with  propriety  lie  noticed  in  the  ensuing  chap- 
ters, respecting  its  reception  and  verification. 


CHAPTER  Xir. 

Sequei,  to  the  Epoch  of  Young  and  Fresnel. 
Reception  of  the  Unddlatoey  Theory- 
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WHEN  Young,  in  1800,  published  hia  assertion 
of  the  Principle  of  Interferenees,  as  the  true 
theory  of  optical  phenomena,  the  condition  of  Eng- 
land was  not  very  favourable  to  a  fair  appreciation 
of  the  value  of  the  new  opinion.  The  men  of 
science  were  strongly  pre-occupled  in  favour  of  the 
doctrine  of  emission,  not  only  from  a.  national 
interest  in  Newton's  glory,  and  a  natural  reverence 
for  his  authority,  but  also  from  deference  towards 
the  geometers  of  France,  who  were  looked  up  to  as 
our  masters  in  the  application  of  mathematics  to 
physics,  and  who  wore  understood  to  he  Newtonians 
in  this  as  in  other  subjects.  A  general  tendency  to 
an  atomic  philosophy,  which  had  begun  to  appear 
from  the  time  of  Newton,  operated  powerfully;  and 
the  hj-pothesis  of  emission  was  so  easily  conceived, 
that,  when  rGcommended  by  high  authority,  it  easily 
became  popular;  while  the  hypothesis  of  luraini- 
ferous  undulations,  unavoidably  difficult  to  compre- 
hend, even  by  the  aid  of  steady  thought,  was  neg- 
lected, and  all  but  forg-otten. 

Yet  the  reception  which  Young's  opinions  met 
with  was  more  harsh  than  we  might  have  expected. 
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even  taking  into  account  all  these  considerations. 
But  there  was  in  England  no  visible  body  of  men, ! 
fitted  by  their  knowledge  and  character  to  pro- 
nounce judgment  on  such  a  question,  or  to  give  the 
proper  impulse  and  bias  to  public  opinion.    Thfti 
Royal   Society,  for  instance,   had  not,  for  a   longj 
time,  by  custom  or  institution,  possessed  or  aimed] 
at  such  fiinctions.    The  writers  of  "Reviews"  alone, 
self-constituted   and  secret  tribunals   claimed  this 
Icind  of  authority.     Among  these  publications,  byj 
far  the  most  distinguished  about  this  period  wa&J 
the  Edinburgh  Hepme ;  and,  iochiding  among  it 
contributors   men    of  eminent   science   and   great^ 
talents,  employing  also  a  robust  and  poignant  style 
of  writing  (often  certainly  in  a  very  unfair  manner),J 
it  naturally  exercised  great  influence.     On  abstruse 
doctrines,  intelligible  to  few  persons,  more  than  on 
other  subjects,  the  opinions  and  feelings  expressed 
in  a  Review  must  be  those  of  the  indi\'idual  re- 
viewer.    The  criticism  on  some  of  Young's  early 
papers  on  optics  was  written  by  Mr.  (afterwarr 
Lord)  Brougham,  who,  as  we  have  seen,  had  experi-'j 
mented  on  diffraction,  following  the  Newtonian  view^j 
that  of  inflexion,     Mr.  Brougham  was  perhaps  at| 
this  time  young  enough'  to  be   somewhat  intoxi- 
cated with  the  appearance  of  judicial  authority  in 
matters  of  science,  which  bis  office  of  aaoujTnous 
reviewer  gave  him  :  and  even  in  middle-life,  he  wa 
floraetimes  considered  to  be  prone  to  indulge  him-' 

'  His  age  was  twcntj-'foiir. 
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self  in  severe  and  sarcastic  expressions.   In  January, 
303»  was  published'  liis  critique  on  Dr.  Young's 
Bakcrian  Lecture,  On  the  Theory  of  Lifjht  and 
Colours,  in  which  lecture  the  doctrine  of  undular 
tions  and  the  law  of  interferences  was  maintained. 
This  critique  was  an  uninterrupted  strain  of  blanae 
id  rebuke.    "This  paper,"  the  reviewer  said,  "con- 
tains nothing  which   deserves  the  name   either  ofi 
leriment  or  discovery."     He  charged  the  writer 
"with  "dangerous  relaxations  of  the   principles  of 
physical  logic."     "We  wish,"  he  cried,  "to  recall 
philosophers  to  the  strict  and  severe  methods  of] 
investigation,"  describing  them  as  those  pointed  out 
by  Bacon,  Newton,  and  the   like.     Finally,   Dr. 
Youi^'s  speculations  were  spoken  of  as  a  hypo- 
thesis, which  is  a  mere  work  of  fancy;  and  the  critic , 
added,  "  we  cannot  conclude  our  review  without . 
entreating  the  attention  of  the  Royal  Society,  whlch^ 
I    has  admitted  of  late  so  many  hasty  and  unsub- 
^kantial  papers  into  its  Transactions  "  which  habit 
^■k  urged  them  to  reform.     The  same  aversion  to 
the  undulatory  theory  appears  soon  after  in  another 
article  by  the  same  reviewer,  on  the  subject  of  Wol- 
laston's  measures  of  the  refraction  of  Iceland  spar; 
he  says,  "  We  are  much  disappointed  to  find  thatj 
^ko  acute  and  ingenious  an  experimentalist  should] 
^Bave  adopted  the  wild  optical  theory  of  vibrations." 
The  reviewer  showed  ignorance  as  well  as  prejudice, 
the  com'se  of  his  remarks;  and  Youug  drew  up 
■  Elicit,  Rev.  vol.  i,  p.  4S0. 


470 


HfSTORV   OF  OPTICS. 


an  answer,  which  was  ablj  written^  but  being  pub- 
lished separately  had  little  circulation.  We  can 
hardly  doubt  that  these  Edinburgh  reviews  had 
their  effect  in  confirming  the  general  disposition  to 
ri'ject  the  uiidulatory  theory.  ^J 

We  may  add,  however,  that  Young's  mode  of  ^m 
presenting  his  opinions  was  not  the  most  likely  to 
win  them  favour ;  for  his  mathematical  reasonings 
placed  them  out  of  the  reach  of  popular  readers,  ^fl 
while  the  want  of  symmetry  and  system  in  his  " 
symbolical  calculations,  deprived  them  of  attrac- 
tiveness for  the  mathematician.  He  himself  gave 
a  very  just  criticism  of  his  own  style  of  writing, 
in  speaking  on  another  of  his  works':  "The  ma- 
thematical reasoning,  for  want  of  mathematical 
symbols,  was  not  understood,  even  by  tolerahk 
mathematicians.  From  a  dislike  of  the  affectation 
of  algebraical  formality  which  he  had  observed  in 
some  foreign  authors,  he  was  led  into  something 
like  an  affectation  of  simplicity,  which  was  equally 
inconvenient  to  a  scientific  reader." 

Young  appears  to  have  been  aware  of  his  own 
deficiency  in  the  power  of  drawing  public  favour, 
or  even  notice,  to  his  discoveries.  In  1802,  Davy 
writes  to  a  friend,  "Have  you  seen  the  theory  ofj 
my  colleague,  Dr.  Young,  on  the  undulations  of  an 
ethereal  medium  as  the  cause  of  liglit  ?  It  is  n 
likely  to  be  a  popular  hypothesis,  after  what  has 
been  said  by  Newton  concerning  it.  He  would  ba 
'  Sm  Life  of  Young,  p.  54. 
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very  much  flattered  if  you  couIJ.  offer  any  obsen-*- 
tioDS  upon  it,  tvketfier  /or  or  against  it"  Young 
naturally  felt  coufident  En  liis  power  of  refuting 
objections,  aud  wanted  only  the  Opportunity  of  a 
public  combat. 

Dr.  Brewster,  who  was,  at  this  period,  enriching 
optical  knowledge  with  so  vast  a  train  of  new  phe- 
nomena and  laws,  shared  the  general  aversion  to 
the  undulatory  theory,  which,  indeed,  he  hardly 
overcame  thirty  years  later.  Dr.  Wollaston  was  a 
person  whose  character  led  him  to  look  long  at  the 
laws  of  phenomena,  before  he  attempted  to  deter- 
mine their  causes ;  and  it  does  not  appear  that  he 
had  decided  the  claims  of  the  rival  theories  in  his 
own  mind.  Herschel  (I  now  speak  of  the  son,) 
had  at  first  the  general  mathematical  prejudice  in 
favour  of  the  emission  doctrine.  Even  when  he 
had  himself  studied  and  extended  the  laws  of  dipo- 
larizcd  phenomena,  he  translated  them  into  the 
language  of  the  theory  of  moveable  polarization. 
In  1819,  he  refers  to,  and  corrects,  this  theory; 
and  says,  it  is  now  "relieved  from  every  difficulty, 
and  entitled  to  rank  with  the  fits  of  easy  transmis- 
sion and  reflection  as  a  general  and  simple  physical 
law :"  a  just  judgment,  but  one  which  now  con- 
,veys  less  of  praise  than  he  then  intended.  At  a 
later  period,  he  remarked  that  we  cannot  be  certain 
that  if  the  theory  of  emission  had  been  as  much 

£:?d  as  thai  of  undulation,  it  might  not  have 
successful ;  au  opinion  which  was  certainly 
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uutonablo  after  the  fair  trial  oT  the  two  theories 
in  the  case  of  diflraction,  and  extravagant  aftet 
Fresnel's  beautiful  explanation  of  double  refraction 
aod  polarization.  Even  in  1827,  in  a  Treatise  on 
Liijht,  published  iu  the  Encychpwdia  Metropoli- 
tfijia^  he  giies  a  section  to  the  calculations  of  the 
Newtonian  theory;  and  appears  to  consider  the 
rivalry  of  the  theories  as  still  subsisting.  But  yet 
he  there  speaks  with  a  proper  appreciation  of  the 
advantages  of  tho  new  doctrine.  After  tracing  the 
prelude  to  it,  he  says,  '"But  the  unpnrsued  specu- 
lations of  Newton,  and  the  opinions  of  Hooke, 
iiowever  distinct,  must  not  be  put  in  competition, 
and,  indeed,  ought  scarcely  to  be  mentioned,  with 
the  elegant,  simple,  and  comprehensive  theory  of 
Young. — a  theory  which,  if  not  founded  in  nature, 
is  certainly  one  of  the  happiest  fictions  that  the 
genius  of  man  ever  invented  to  grasp  together 
natural  phenomena,  which,  at  their  first  discovery, 
seemed  in  irreconcileable  opposition  to  it.  It  is,  In^ 
fact,  in  all  its  applications  and  details,  one  succes- 
sion of  felicities ;  insomuch,  that  we  may  almost  be 
induced  to  say,  if  it  be  not  true,  it  deserves  to 
be  so/' 

In  France,  Young's  theory  was  little  noticed  or 
known,  except  perhaps  by  M.  Arago,  till  it  was 
revived  by  Fresnel.  And  though  Fresnel's  asser--, 
tion  of  the  undulatory  theory  was  not  so  rudely 
received  as  Young's  had  been,  it  met  with  no  small 
opposition  ii-om  the  older  mathematicians,  and  made 
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its  way  slowly  to  the  notice  and  comprehension 
of  mon  of  science.  M.  Arago  would  perhaps  have 
at  once  adopted  the  conception  of  transverse  vibra- 
tions, when  it  was  su^ested  by  his  fellow-labourerj 
Fresnel,  if  it  had  not  been  that  he  was  a  member 
of  the  Institute,  and  had  to  bear  the  brunt  of  the 
war,  in  the  frequent  discussions  ou  the  undulatory 
theory;  to  which  theory  Laplace,  and  other  lead- 
ing members,  were  so  vehemently  opposed,  that 
they  would  not  even  listen  with  toleration  to  the 
arguments  in  its  favour.  I  do  not  know  how  far 
intiuences  of  this  kind  might  operate  in  producing 
the  delays  wliich  took  place  in  the  publication  of 
Fresnefs  papers.  We  have  seen  that  he  arrived 
at  the  conception  of  transverse  vibrations  in  1816, 
as  the  true  key  to  the  understanding  of  polariza- 
tion. In  lyl7  and  1818,  in  a  memoir  read  to  the 
Institute,  he  analyzed  and  explained  the  perplexing 
phenomena  of  quartz,  which  he  ascribed  to  a  cir- 
eular  poldHzatiou.  This  memoir  had  not  been 
printed,  cor  any  extract  from  it  inserted  in  the 
Scientific  Joumab,  in  1822,  when  he  confirmed  his 
views  by  further  experiments'.  His  remarkable 
memoir,  which  solved  the  extraordinary  and  capital 
problem  of  the  connexion  of  double  refraction  and 
crystallization,  though  written  in  1821,  was  not 
published  till  1H27.  He  appears  by  this  time  to 
have  sought  other  channels  of  publication.  In  1822, 
he  gave^  in  the  Annales  de  Chimie  et  de  Physiqite, 

*  Iteracij.  Light,  p.  539.       ""  Ann.dc  C/iiin.  1822,  torn.  xxi. p.  235. 
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an  explanation  of  refraction  on  the  principles 
the  undulatory  theory;  alleging,  as  the  reason  for      , 
doing  so,  that  the  theory  was  still  little  knowtu^f 
And  in  succeeding  years  there  appeared  in  the  same 
work,   his  theory  of  reflection.     His  memoir  on 
this  subject  {Afi'moire  sur  la  Lot  dcs  Modi/ications^ 
ipm  la.  Reflexion  impriine  a  la  Luviiere  Polarisee)^ 
was  read  to  the  Academy  of  Sciences  in   182 
But  the  original  paper  was  mislaid,  and,  for  a  tim' 
supposed  to  be  lost ;  it  has  since  been  recovered 
among  the  papers  of  M.  Fourier,  and  printed  in 
the   eleventh  volume  of  the  Memoirs  of  the  Aca- 
demy".    Some   of  the  speculations  to  which  he 
refers,  as  communicated  to  the  Academy,  have  never 
yet  appeared'. 

Still  Fresnel's  labours  were,  from  the  first,  dul 
appTceiatcd  by  some  of  the  most  eminent  of  his 
countrymen.     His  Montoir  on  JJifmctioii  was, 
Ave  have  seen,  crowned  in  1813:  and,  in  IS'H^ 
Report  upon  his  Memoir  on  Doufjle  Me/raetioii 
was  drawn  up  by  a  commission,  consisting  of  MM. 
Ampere,  Fourier,  and  Arago.     In  this  report'  Fres- 
nel's theory  is  spoken  of  as  confirmed  by  the  most 
delicate  tests.     The  reporters   add,  respecting  hi 
"theoretical  ideas  on  the  particvdar  kind  of  undu- 
lations which,  according  to  him,  constitnte  light,' 
that  "it  would  be  impossible  for  them  to  pronounce 
at  present  a  decided  judgment,"  but   that    "they 

■  Ltoyd.  IJtporl  on  Optics,  p.  363.  (Fourth  Hep.  of  Brit.  Asa) 
*  lb.  p.  316,  noic  •  Ann.  Ckin,  torn.  xx.  p.  343. 
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have  not  thought  it  right  to  delay  any  longer 
making  known  a  work  of  which  the  difficulty  is 
attested  by  the  fruitless  efforts  of  the  most  skilful 
philosophers,  and.  in  which  are  exhibited,  in  the 
same  brilliant  degree,  the  talent  for  experiment 
and  the  spirit  of  invention." 

In  the  mean  time,  however,  a  controversy  be- 
tween the  theory  of  undulations  and  the  theory  of 
moveable  polarization  which  M.  Biot  had  proposed 
with  a  view  of  accounting  for  the  colours  produced 
by  dipolarizing  er>'stals,  had  occurred  among  the 
French  men  of  science.     It  is  clear  that  in  some 
main  features  the  two  theories  coincide ;  the  inter- 
vals of  interference  in  the  one  theory  being  repre- 
sented by  the  intervals  of  the  oscillations  in  the 
other.     But  these  intervals  m  M.  Biofs  explana- 
tion were  arbitrary  hypotheses,  suggested  by  these 
very   facts  themselves;  in    Fresners   theory,   they 
were  essential  parts  of  the  general  scheme.     M. 
Biot,  indeed,  does  not  appear  to  have  been  averse 
from  a  coalition:  for  he  allowed'  to  Fresnel  that 
"the  theory  of  undulations  took  the  phenomena  at 
a  higher  point  and  carried  them  further."  And  M. 
Biot  could  hardly  have  dissented  from  M.  Arago's 
account  of  the  matter,  that  Fresnel's  views  *^  linked 
together^''"  the  oscillations  of  moveable  polarization*. 
But  Fresnel,  whoso  hypothesis  was  all  of  one  piece, 
could  give  up  no  part  of  it,  although  he  allowed 
the  usefulness  of  M.  Blot's  formulie.     Yet  M.  Blot's 


Ann.  Chim.  torn.  iviL  p.  251. 
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speculations  fell  in  better  with  the  views  of  the 
loading   mathematicians   of  Paris.      We  may  con- 
sider as  evidence  of  the  favour  with  which  they 
were  looked  upon,  the  large  space  they  occupy  in 
the  volumes  of  the  Academy  for  1811,  1812.  1817. 
and  1S18.     In  1812,  the  entire   volume  is  filled, 
with  a  memoir  of  Biot's  on  the  subject  of  moveabU 
polarization.     This  doctrine  also  had  some  advan- 
tage in  coming  early  before  the  world  in  a  didactit 
form,  in  his  Traite  de  Phtjsiqat;  which  was  pul 
lished  in  181G,  and  was  the  most  complete  treatise^ 
on  g-cneral  physics  which  had  appeared  up  to  that 
time.     In  this  and  others  of  this  author's  writings, 
he  expresses  facts  so  entirely  in  the  terms  of  his 
own  hypothesis,  that  it  is  difficult  to  separate  the 
two.     In  the  sequel  M.  Arago  was  the  most  pro- 
minent of  M.  Biot's  opponents ;  and  in  his  report 
upon  Fresnel's  memoir  on  the  colours  of  crystalline  ^J, 
plates,  he  exposed  the  weaknesses  of  the  theory  of^H 
moveable   polarization   with   some   severity.     The 
details  of  this  controversy  need  not  occupy  us;  but 
wc  may  observe  that  this  may  be  considered  as  the 
last  struggle  iu  favour  of  the  theory  of  emission 
among   mathematicians   of  eminence.     After   this 
crisis  of  the  war,  the  theory  of  moveable  polariza- 
tion lost  its  ground ;  aud  the  explanations  of  the 
undulatory  theory,  and  the  calculations  belonging 
to  it,  being  published  in  the  Anmdes  de  ChiTtm  rf 
de  Phi/iitqiie,  of  which  M,  Arago  was  one  of  the 
conductors,  soon  difliisGd  it  over  Europe. 
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It  was  probably  in  consequence  of  the  delays  to 
which  we  have  referred,  in  the  publication  of  Fres- 
nel's  memoirs,  that  as  late  as  December,  ISSff,  the 
Imperial  Academy  at  St.  Petersburg  proposed,  as 
one  of  their  prize-questions  for  the  tu-o  following 
years,  this, — "To  deliver  the  optical  systera  of 
waves  from  all  the  objections  which  have  (as  it  ap- 
pears) with  justice  been  urged  against  it,  and  to 
apply  it  to  the  polarization  and  double  refraction 
of  light."  In  the  programme  to  this  announcement, 
Fresnel's  researches  on  tlie  subject  are  not  alUided 
to,  though  his  memoir  on  diffraction  is  noticed ; 
they  were,  therefore,  probably  not  known  to  the 
Russian  Academy. 

Young  was  always  looked  upon  as  a  person  of 
marvellous  variety  of  attainments  and  extent  of 
knowledge ;  but  during  his  life  he  hardly  held  that 
elevated  place  among  great  discoverers  which  pos- 
terity will  probably  assign  him.  In  3802,  he  was 
constituted  Foreign  Secretary  of  the  Royal  Society, 
an  office  which  he  held  during  life;  in  1827  he  was 
elected  one  of  the  eight  Foreign  Members  of  the 
Institute  of  France ;  perhaps  the  greatest  honour 
which  men  of  science  usually  receive.  The  fortune 
of  his  life  in  some  other  respects  was  of  a  mingled 
complexion.  His  profession  of  a  physician  occu- 
pied, sufficiently  to  fetter,  without  rewarding  him; 
while  he  was  Lecturer  at  the  Royal  Institution,  he 
was,  in  his  lectures,  too  profound  to  be  popular; 
and  hig  office  of  Superintendent  of  the  Naiitkitl 
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Almanac  subjected  him  to  much  minute  labour, 
and  many  petulant  attacks  of  pamphleteers.  Oui 
tlie  other  hand,  he  had  a  leading  part  in  the  di*« 
covery  of  the  long-sought  key  to  the  Egyptian  hie- 
roglj-phics;  and  thus  the  age  which  was  marked  Ity 
two  great  discoveries,  one  in  science  and  one  in 
literature,  owed  them  both  in  a  great  measure 
to  him.  Dr.  Young  died  in.  1829,  when  he  had 
scarcely  completed  his  6fty-sixth  year.  Fresnelj 
was  snatched  from  science  still  more  prematurely, 
dying,  in  1827,  at  the  early  age  of  tliirty-nine. 

We  need  not  say  that  both  these  great  philoso- 
phers possessed,  in  an  eminent  degree,  the  leading] 
characteristics  of  the   discoverer's   mind,    perfect 
clearness  of  view,  rich  fertility  of  inventioOj  and^ 
intense  love  of  knowledge.    We  cannot  read  with- 
out great  interest  a  letter  of  Fresnel  to  Voung",  ia] 
November,  1824:  "For  a  long  time  that  sensibility,) 
or  that  vanity,  which  people  call  love  of  glory,  it 
much  blunted  in  me.     I  labour  much  less  to  catehj 
the  suffrages  of  the  public,  than  to  obtain  an  in- 
ward approval  which  has  always  been  the  sweetest 
reward  of  my  eftbrts.     Without  doubt  I  have  often  J 
wanted  the  spur  of  vanity  to  excite  me  to  pursue 
my  researches  in  moments  of  di^ust  antl  discou-l 
ragement.     But  all  the  compliments  which  I  have 


"  I  am  nble  to  give  tliis,  and  some  other  e.«tnu!ts,  from  tli^J 
unedited  correspolKlcticeflf  Yoiing  aii<l  F^esoel,  l»y  tlip  kindness 
i-f  (tlie  Dean  ff  Ely)  Profe33<ii  Peneoclt.  df  Trinity  College,  Cam-  ] 
bridge,  who  is  preparing  f(n  the  ptcss  a  Life  of  Di.  Yeung. 
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received  from  MM.  Arago,  De  Laplace,  or  Biot, 
never  gave  me  so  much  pleasure  as  the  discovery 
of  a  theoretical  truth,  or  the  confirmation  of  a  cal- 
culation by  experiment." 

Though  Young  and  Fresnel  were  m  years  the 
contemporaries  of  many  who  are  now  alive,  we 
must  consider  ourselves  as  standing  towards  them 
in  the  relation  of  posterity.  The  Epoch  of  Induc- 
tion in  optics  is  past ;  we  have  now  to  trace  the 
Verification  and  Application  of  the  true  theory. 
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CHAPTER  XIII. 

CONFrRMATION  AND  EXTENSION  OF  THE  UnDULATORT 
THEOUY. 

AFTER  the  undulatory  theory  had  been  de- 
veloped in  all  its  main  features,  by  its  great 
authors.  Young  and  Fresnel,  although  it  bore  marks 
of  truth  which  could  hardly  be  fallacious,  there  was 
still  here,  as  in  the  case  of  other  great  theories,  a 
period  in  which  diiBculties  were  to  be  removed,  ob- 
jections answered,  men's  minds  familiarized  to  the 
new  conceptions  thus  presented  to  them;  and  in 
which,  also,  it  might  reasonably  be  expected  that 
the  theory  would  be  extended  to  facts  not  at  first 
included  in  its  domain.  This  period  is,  indeed,  that 
in  which  we  are  living;  and  we  might,  perhaps 
with  propriety,  avoid  the  task  of  speaking  of  our 
living  contemporaries.  But  it  would  be  unjust  to 
the  theory  not  to  notice  some  of  the  remarkable 
events,  characteristic  of  such  a  period,  which  have 
already  occiured;  and  this  may  be  done  very  simply. 
In  the  case  of  this  great  theory,  as  in  that  of 
gravitation,  by  far  the  most  remarkable  of  these 
confirmatory  researches  were  conducted  by  the 
authors  of  the  discovery,  especially  Fresnel.  And 
in  looking  at  what  he  conceived  and  executed  for 
this  purpose,  we  are,  it  appears  to  me,  strongly 
reminded  of  Newton,  by  the  wonderful  inventiveness 
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and  sagacity  with  whiclh  he  devised  experinionts, 
atid  applied  to  them  mathematical  reasonings. 

1.  Double  Refraction  of  Compressed  Glass. — One 
of  these  confirmatory  experiments  was  the  produc- 
tion of  double  Tcfractiou  by  the  eo7»pir.mon  of  glass. 
Frcsnel  observes',  that  though  Sir  D.  Brewster  had 
shown  that  glass  under  compression  produced  co- 
lours resembling  those  which  are  given  by  doubly- 
refracting  crystals,  "very  skilful  physicists  had  not 
considered  those  experiments  as  a  sufficient  proof 
of  the  bifurcation  of  the  light.*"  In  the  hypothesis 
of  moveable  polarization,  it  is  added,  there  is  no 
apparent  connexion  between  these  phenomena  of 
coloiation  and  doidile  refraction ;  but  on  Young's 
theory,  that  the  colours  arise  from  two  rays  which 
have  traversed  the  crystal  with  different  velocities, 
it  appears  almost  unavoidable  to  admit  also  a  diP- 
ference  of  path  in  the  two  rays. 

"Though,"  he  says,  "I  had  long  since  adopted 
this  opinion,  it  did  not  appear  to  me  so  completely 
demonstrated,  that  it  was  right  to  neglect  an  experi- 
mental verification  of  it;"  and  therefore*  in  1819, 
he  proceeded  to  satisfy  himself  of  the  fact,  by  tho 
phenomena  of  diffraction.  The  trial  left  no  doubt 
on  the  subject;  but  he  still  thought  it  would  be 
interesting  actually  to  produce  two  images  in  glass 
by  compression ;  and  by  a  highly-ingenious  com- 
bination, calculated  to  exaggerate  tho  effect  of  tho 
double  refraction,  which  is  very  feeble,  even  when 

*  Ann.  He  Clilm.  1822,  torn.  3tx.  y  377- 
VOL.11.  li 
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the  compression  is  most  intense,  he  obtained  two 
distinct  images.  This  evidence  of  the  dependence 
of  dipolarizing  structure  upon  a  doubly-refracting 
state  of  particles,  thus  excogitated  out  of  the  general 
theory,  and  verified  by  trial,  may  well  be  considered, 
as  he  says,  "as  a  new  occasion  of  proring  the  la-j 
fallibility  of  the  principle  of  interferences." 

2.  Circular  Polarization. — Fresnel  then  turned 
his  attention  to  another  set  of  experiments,  related 
to  this  indeed,  but  by  a  tie  so  recondite  that  no* 
thing  less  tban  his  clearness  and  acuteness  of  view 
could  have  detected  any  connexion.     The  optical 
properties  of  quartz  had  been  pereeived  to  be  pecu-J 
liar,  from  the  period  of  the  discovery  of  dipolarized 
colours  by  MM.  Arago  and  Biot.    At  the  end  ofJ 
the  notice  just  quoted.  Fresnel  says',  "As  soon  as 
my  occupations  permit  nie,  I  propose  to  employ 
a   pile    of  prisms   similar   to   that   which    I   have ' 
described,  in  order  to  study  the  double  refraction 
of  the  rays  which  traverse  crystals  of  quartz  in  the] 
direction  of  the  axis."     He  then  ventures,  without ' 
hesitation,  to   describe   beforehand  what   the   phe- 
nomena will  be.     Ill  the  Bulletin  des  Sciences^  for 
December  1822,  it  is  stated  that  experiment  hii4J 
confinned  what  he  had  thus  announced. 

The  phenomena  are  those  which  have  since 
been  spoken  of  as  circular  polarization ;  and  the 
terra  first  occurs  in  this  notice'.     They  are  very 

'  Ann.  de  Chirn.  1822,  torn.  xx.  p.  382. 
'  lU  11.191.  *  il.p.  194. 
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remarkable,  botli  by  their  resemblances  to,  and  their 
differences  from,  the  phenomena  oS  plane^olaHzed 
light.  And  the  maimer  in  which  Fresnel  was  led  to 
this  anticipation  of  the  facts  is  still  more  remarkable 
than  the  facts  themselves.  Having  ascertained  by 
observation  that  two  differently-polarized  rays» 
totally  reflected  at  the  internal  surface  of  glass, 
suflfer  different  retardations  of  their  undulations,  he 
applied  the  formulae  which  he  had  obtained  for  the 
poIarizLDg  effect  of  reflection  to  this  case.  But  in 
this  case  the  formulae  expressed  an  impossibility ; 
yet  as  algebraical  formula,  even  in  such  cases,  have 
often  some  meaning,  '- 1  interpreted,"  he  says'^  "  in 
the  manner  which  appeared  to  me  most  natural  and 
most  probable^  what  the  analysis  indicated  by  this 
imaginary  form ;"  and  by  such  an  interpretation  he 
hence  collected  the  law  of  the  difference  of  undula- 
tion of  the  two  rays.  He  was  thus  able  to  predict 
that  by  two  internal  reflections  in  a  rkomh,  or 
parallelopiited  of  glass,  of  a  certain  form  and  posi- 
tion, a  polarized  ray  would  acquire  a  circular  undu- 
lation of  its  particles ;  and  this  constitution  of  the 
ray,  it  appeared,  by  reasoning  ftirther,  would  show 
itself  by  its  possessing  peculiar  properties,  partly 
the  same  as  those  of  polarized  light,  and  partly 
different.  This  extraordinary  anticipation  was  ex- 
actly confirmed ;  and  thus  the  apparently  bold  and 
strange  guess  of  the  author  was  fully  justified,  or  at 
least  assented  to,  even  by  the  most  cautious  philo- 

'  flH//c(.  (/rt.?c.  1823,  p.33. 
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sopbers.  "As  I  cannot  appreciate  the  mathematical 
eyidence  for  the  nature  of  circular  polarization," 
says  Prof,  Airy*,  "I  shall  mention  the  experimental 
e\"ideiiee  on  which  I  receive  it."  The  conception 
has  since  been  universally  adopted  (na). 

But  Fresnel,  ha^ng  thus  obtained  circularly- 
poJarizcd  rays,  saw  that  he  could  account  for  the 
phenoniena  uf  quartz,  already  observed  by  M.Arago, 
as  we  have  noticed  in  Chap,  jx.,  by  supposing  two 
circularly-polarized  rays  to  pass,  with  different  velo- 
cities, along  the  axis.  The  curious  succession  of  i 
colours^  following  each  other  in  right-handed  or 
left-handed  circular  order,  of  which  we  have  already 
spoken,  might  thus  be  hypothetical ly  explained. 

But  was  this  hjf'pothcsis  of  two  circularly-polar- 
ized rays,  travelling  along  the  axis  of  such  crj^stals 
to  be  received,  merely  because  it  accounted  for  the 
phenomena?    Fresnel's  ingenuity  again  enabled  him 
to  avoid  such  a  defect  in  theorizing.     If  there  were 
two  such  rays,  they  might  be  visibly  separated^  by 
the  same   artifice,   of  a  pile   of  jirisras  properly  i 
achromatized,  which  he  had  used  for  compressed 
glass.     The  result  was,  that  he  did  obtain  a  visible 
Separation  of  the  rays;   and  this  result  has  since 
been  confirmed  by  others,  for  instance,  Professor ' 
Airy".     The  rays  were  found  to  be  in  all  respects  I 
identical  with  the  eiicularly-polarixed  rays  produced 
by  the  internal  reflections  in  Fresuel's  rhomb.    This  , 

'  C^imt.  Trotts.  vol.  n.  p.  81,  1831. 

'  Bull  des  Sc.  1822,  p.  193.  •  Camb.  Tr.  iv.  p.  80. 
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Jcind  of  double  refraction  gave  a  hypothetical  ex- 
planation of  the  laws  which  M.  Biot  had  obtained 
for  the  phenomena  of  this  class;  for  example",  the 
rule,  that  the  deviation  of  the  plane  of  polarization 
of  the  emergent  ray  is  inversely  as  the  square  of 
the  length  of  an  undulation  for  each  kind  of  rays. 
And  thus  the  phenomena  produced  by  light  passing 
along  the  axis  of  quartz  were  reduced  into  complete 
conformity  with  the  theory. 

3.  Elliptical  Polarisation  in  Quartz. — We  now 
come  to  one  of  the  few  additions  to  Fresnel's 
theory  which  have  been  shown  to  be  necessary. 
He  had  accounted  fully  for  the  colours  produced 
by  the  rays  which  travel  aiong  the  aa-is  of  quartz 
crystals;  and  thus,  for  the  colours  and  changes  of 
the  central  spot  which  is  produced  when  polarized 
light  passes  through  a  transverse  plate  of  such 
crystals.  But  this  central  spot  is  surrounded  by 
rings  of  colours,  Iloff  is  the  theory  to  be  extended 
to  these? 

This  extension  has  been  successfully  made  by 
Professor  Airy'".  His  hypothesis  is,  that  as  rays 
passing  along  the  axis  of  a  quartz  crystal  are  circu- 
larly polarized,  rays  which  are  oblique  to  the  axis 
are  elliptically  polarized,  the  amount  of  olllptioity 
depending,  in  some  unknown  manner,  upon  the 
obliquity;  and  that  each  ray  is  separated  by  double 
refraction  into  two  rays  polarized  elliptically;  tho 
one  right-handed,  the  other  left-handed.    By  means 

•  Bail,  dca  Sc.  1822,  p- 1 07-  "  Camli.  Trans,  iv.  ii.  83,  Sit. 
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of  these  suppositions,  ho  not  only  was  enabled  to 
account  for  the  simple  phenomena  of  single  plates 
of  quartz;  but  for  many  most  complex  and  intricate 
appearances  which  arise  from  the  superposition  of 
two  plates,  and  whieh  at  first  sight  niiglit  appear  to 
d^fy  all  attempts  to  reduce  them  to  law  and  sym- 
metry; such  as  spirals,  curves  approaching  to  a 
square  form,  curves  broken  in  four  places.  "I  can 
hardly  imagine,"  he  says",  very  naturally,  "that  any 
other  supposition  would  represent  the  phenomena 
to  such  extreme  accuracy.  I  am  not  so  much 
struck  with  the  accounting  for  the  continued  dilata- 
tion of  circles,  and  the  general  representation  of 
the  form  of  spirals,  as  with  the  explanations  of  the 
minute  deviatious  from  symmetry ;  as  when  circles 
become  almost  square,  and  crosses  are  inclined  to 
the  plane  of  polarization.  And  I  believe  that  any 
one  who  shall  follow  my  investigation,  and  imitate 
my  experiments!  will  be  surprized  at  their  perfect 
agreement." 

4.  Differential Eqtuftions  of  EUvptlrid  Polariza- 
tion.— Although  circular  and  elliptical  polarization 
can  be  clearly  coneeivGd,  and  their  existence,  it 
would  seem,  irresistibly  established  by  the  pheno- 
mena, it  is  e.stremely  difficult  to  conceive  any 
arrangement  of  the  particles  of  bodies  by  which 
such  motions  can  mechanically  he  produced;  and 
this  difficulty  is  the  greater,  because  some  fluids 
and  some  gases  impress  a  circular  polarization  upon 

"  Camb.  Trans,  iv.  p.  122. 
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light,  in  which  cases  we  cannot  imagine  any  definite 
arrangement  of  the  particles,  such  as  might  form 
the  mechanism  requisite  for  the  purpose.  Accord- 
ingly, it  does  not  appear  that  any  one  has  been  able 
to  suggest  even  a  plausible  hypothesis  on  the  sub- 
ject. Yet,  even  hero,  something  has  been  done. 
Professor  Mac  Cullagh,  of  Dublin,  has  discovered 
that  by  slightly  modifying  the  analytical  expressions 
resulting  from  the  common  case  of  the  propagation 
of  light,  we  may  obtain  other  expressions  which 
would  give  rise  to  such  motions  as  produce  circular 
and  elliptical  polarization.  And  though  we  cannot 
as  yet  assign  the  mechanical  interpretation  of  the 
language  of  analysis  thus  generalized,  this  gene- 
ralization lyings  together  and  explains  by  one  com- 
mon numerical  supposition,  two  distinct  classes  of 
facts ; — a  circumstance  which,  in  all  cases,  entitles 
an  hypothesis  to  a  very  favourable  consideration. 

Mr.  MacCullagh's  assumption  consists  in  adding 
to  the  two  equations  of  motion  which  are  expressed 
by  means  of  second  differentials,  two  other  terms 
involving  third  difterentials  m.  a  simple  and  sym- 
metrical manner.  In  doing  this,  he  introduces  a 
coefficient,  of  which  the  magnitude  determines  both 
the  amount  of  rotation  of  the  polarization  of  a  ray 
passing  along  the  axis,  as  observed  and  measured 
by  M.  Biot,  and  the  ellipticity  of  the  polarization  of 
a  ray  which  is  oblique  to  the  axis,  according  to  Mr. 
Airy's  theory,  of  which  ellipticity  that  philosopher 
also  had  obtained  certain  measures.  The  agreement 
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betwcL'U  the  two  sets  of  measures'*  thus  brought 
iuto  coQuexiun  is  such  as  very  strlkiugly  to  confirm 
Jlr.  Mac  CuUagh's  hypothesis.  It  appears  probable, 
too,  that  the  confirmation  of  this  hypothesis  ia- 
volves,  although  in  an  obscure  and  oracular  form,  a 
confirmation  of  the  undulatory  theory,  which  is  the 
starting-point  of  tliis  curious  speculation. 

5.  Elliptical  Polarization  of  Mttals. — The  effect 
of  metah  upon  the  light  which  they  reflect,  was 
known  from  the  first  to  he  diftereut  from  that  which 
transparent  bodies  produce.     Sir  David  Brewster, 
Avhu  has  recently  examined  this  subject  very  fully",i 
lias  described  the   modification  thus  produced,  asi 
elliptic  poiarizatioii.     In  employing  this  term,  *'^hQ| 
seems  to  have  been  led,"  it  has  been  observed",  "b/l 
a  desire  to  avoid  as  much  as  possible  all  reference  | 
to  theory.     The  laws  which  ho  has  obtained,  how- 
ever, belong  to  elliptically-polarized  light  in  the 
sense  in  which  the  term  was  introduced  by  Fres-< 
nel."     And  the  identity  of  the  light  produced  by^ 
metallic  reflection  with  the  elliptically-polarized 
light  of  the  wave  theory,  is  placed  beyond  all  doubt, 
by  an  observation  of  Professor  Airy,  tliat  the  rings 
of  uniaxal  crystals,  produced  by  Fresnel's  elliptic- 
ally -polarized  light,  are  exactly  the  same  as  those; 
produced  by  Brewster's  metallic  light. 

6.  Newton^  Rinya  hj  Polarizetl  Lhjht. — Other 
modifications  of  the  phenomena  of  thin  plates  by 

"  Rififul  I.  A.  Trans.  183«.  "  Pkil.  Trana.  1830. 

"  Llojd,  lif[iovl  un  Oplicr,  p.  372.     (Brit.  Asaoc.) 
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'the  use  of  polarized  light,  supplied  other  striking 
coniirmatious  oi"  the  theory.  These  were  in  one 
case  the  more  remarkable^  since  the  result  was 
foreseen  by  moans  of  a  rigorous  applicatLon  of  the 
conception  of  the  vibratory  motion  of  light,  and 
confirmed  by  experiment.  Professor  Airy,  of  Cam- 
bridge, was  led  by  his  reasonings  to  see,  that  if 
Newton's  rings  are  produced  between  a  lens  and  a 
plate  of  metal  by  polarized  light,  then,  up  to  the 
polarizing  angle,  the  central  spot  will  be  black,  and 
instantly  beyond  this,  it  will  be  white.  In  a  note'-', 
in  which  he  announced  this,  he  says,  "  This  I  anti- 
cipated from  Fresnel's  expressions ;  it  is  contirma- 
tory  of  them,  and  defies  emission."  He  also  pre- 
dicted that  when  the  rings  were  produced  between 
two  substances  of  very  different  refractive  powers, 
the  center  would  twice  pass  from  black  to  white 
and  from  white  to  black,  by  increasing  the  angle ; 
which  anticipation  was  fulfilled  by  using  a  diamond 
for  the  higher  refraction '", 

r.  Conical  Refraction. — In  the  same  manner, 
Professor  Hamilton  of  Dublin  pointed  out  that 
according  to  the  Fresnelian  doctrine  of  double 
refraction,  there  is  a  certain  direction  of  a  crystal 
4n  which  a  single  ray  of  light  will  be  refracted  so 


'*  Addrasecd  to  myself,  datal  May  23,  1831.  I  onglit  how- 
ever to  Dodce,  tlial  this  cxpcriineTit  had  been  made  by  il.  Arago, 
fifteen  years  earlier,  and  publiabed :  though  not  then  recollected 
by  Sir.  Airj". 

'•  Caitih.  Tram,  vol  \\.  p,  409. 
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as  to  form  a  conical  pencil.  For  the  direction  of 
the  refracted  ray  is  determined  by  a  plane  which 
touches  the  wave  surfact;,  the  rule  being  that 
ray  must  pass  from  the  center  of  the  surface  to 
point  of  contact;  and  though  in  general  this  con 
gives  a  single  point  only,  it  so  happens,  from 
peculiar  inHected  form  of  the  wave  surface,  which 
has  what  is  called  a  cusp,  that  in  one  particular 
position,  the  plane  can  touch  the  surface  in  an 
entire  circle.  Thus  the  general  rule  which  assii 
the  path  of  the  refracted  ray,  would,  in  this  cas^' 
guide  it  from  the  center  of  the  surface  to  every' 
point  in  the  circumference  of  the  ch-cle,  and  thus 
make  it  a  cone.  This  very  curious  and  unespe' 
result,  which  Professor  Hamilton  thus  obtained  fro: 
the  theory,  his  friend  Professor  Lloyd  verified  as  an 
experimental  fact.  We  may  notice  also,  that  Pro- 
fessor Lloyd  found  the  light  of  the  conical  pencil  to 
he  polarized  according  to  a  law  of  an  unusual  kind ; 
but  one  which  was  easily  seen  to  be  in  complc 
accordance  with  the  theory, 

8.  Friiujes  of  Shad-tms. — Tlie  phenomena  of  the 
fringes  if  shadoies  of  small  holes  and  groups  of 
holes,  which  had  been  the  subject  of  experuucnt  by 
Fraunhofer,  were  at  a  later  poriod  carefully  ob* 
served  in  a  vast  variety  of  cases  by  M.  Schwerd  o: 
Spires,  and  published  in  a  separate  work", 

"  Die  Baigitngs-erschcenungcn,  mix  detn  Puadntitcnl^l-geseli 
tier  Undulations  T/ieone  anal^lisch  cntwiciek   und  in  Bllde 
dargcsldli,  von  F.  M.  Scliwerd.    Atannlieini,  1835. 
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ffungs-ersckeinmtgen,  (Phenomena  of  Inflection,) 
1836.  In  this  Treatise,  the  author  has  with  great 
industry  and  skUl  calculated  the  integrals  which,  as 
■we  have  seen,  are  requisite  in  order  to  trace  the 
consequencGS  of  the  theory;  and  the  accordance 
which  he  finds  hetwcen  these  and  the  varied  and 
brilliant  results  of  observation  is  throughout  exact. 
"I shall,"  says  he»  in  the  preface '^  "prove  by  the 
present  Treatise,  that  all  inflection -phenomena, 
through  openings  of  any  form,  size,  and  arrangc- 
laent,  are  not  only  explained  by  the  undidation- 
theory,  but  that  they  can  be  represented  by  analy- 
tical expressions,  determining  the  intensity  of  the 
light  in  any  point  whatever,"  And  he  justly  adds, 
that  the  undulation-theory  accounts  for  the  pheno- 
mena of  light,  as  coiDpletcly  as  the  theory  of  gravi- 
tation does  for  the  facts  of  the  solar  system. 

9.  Objections  to  the  Theorit. — We  have  hitherto 
mentioned  only  eases  in  which  the  undulatory 
theory  was  either  entirely  successfiil  in  explaining 
the  facts,  or  at  least  hypothctically  consistent  with 
them  and  with  itself.  But  other  objections  were 
started,  and  some  difficulties  were  long  considered 
as  very  embarrassing.  Objections  were  made  to 
the  theory  by  some  English  experimenters,  as  Mr, 
Potter,  Mr.  Barton,  and  others.  These  appeared  in 
scientific  journals,  and  were  afterwards  answered  in 
similar  publications.  The  objections  depended  partly 

K  on  the  measure  of  the  intensity  of  light  in  the  dif- 

B  "  Dated  Speyer,  Aug.  1835. 
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fereut  points  of  the  phenomena,  (a  datum  which  it 
is  very  difficult  to  obtain  mth  accuracy  by  ex 
ment;)  and  partly  on  misconceptions  of  the  theory 
and  I  believe  tliere  are  none  of  them  which  would 
now  be  insisted  on. 

Wg  tnay  mention,  also,  another  ditficulty,  wliich 
it  was  the  habit  of  the  opponents  of  the  theory 
urge  as  a  reproaeh  aj^ainst  it,  long  after  it  had  bee: 
satisfactorily  explained  :  I  mean  the  half-iuidulatu 
which  Young  and  Fresnel  had  found  it  necessary, 
some  cases,  to  assume  as  gained  or  lost  by  one 
the  rays.  Though  they  and  their  followers  couli 
not  analyze  tlio  mechanism  of  reflection  with  suffi- 
cient exactness  to  trace  out  all  the  circumstances^ 
it  was  not  difficult  to  see,  upon  Frosnels  principle 
that  reflection  from  the  interior  and  exterior  surfi 
of  glass  must  be  of  o]iposite  kinds,  which  might 
expressed  by  supposing  one  of  these  rays  to  lose 
half  an  undulation.  And  thus  there  came  into  view 
a  justification  of  the  step  which  had  originally  be 
taken  upon  empirical  grounds  alone. 

10.  IJispers'ioii.  on  the  Undulatori/  Th^orp. — . 
difficulty  of  another  kind  occasioned  a  more  serio 
and  protracted  enibarr;tssnicnt  to  the  cultivators  of 
this  theory.    This  was  the  apparent  impossibility  of_. 
accounting,  on  the  theory,  for  the  prismatic  di 
persion  of  colour.     For  it  had  been  shoftTi  b, 
Nowton  that  the  amount  of  refraction  is  different 
for  every  colour;    and   the   amount   of  refraction 
depends  on  the  velocity  wltli  which  light  is  pro- 
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pagated.  Yet  the  theqry  suggested  no  reason  why 
the  velocity  should  be  different  for  different  colours: 
ibr,  by  mathematical  calculation,  vibrations  of  all 
degrees  of  rapidity  (in  which  alone  colours  differ) 
lare  propagated  with  the  same  speed.  Nor  does 
a,nalogy  lead  us  to  expect  this  variety.  There  is  no 
such  difference  between  quick  and  slow  waves  of 
air.  The  sounds  of  the  deepest  and  the  highest  bells 
.Yif  a.  peal  are  heard  at  any  distance  in  the  sajne 
order.     Here,  therefore,  the  theory  was  at  fault. 

But  this  defect  was  iar  from  being  a  fatal  one. 
■For  though  the  theory  did  not  explain,  it  did  not 
xjontradict,  dispersion.     The  suppositions  on  which 
'the  calculations  had  been  conducted,  and  the  ana- 
logy of  sound,  were  obviously  in  no  small  degree 
precarious.      The    velocity    of   propagation    might 
differ  for  different  rates  of  undulation,  in  virtue  of 
.many  causes  which  would  not  aflect  the  general 
■theoretical  results. 

Mfciny  such  hypothetical  causes  were  suggested 
'by  various  eminent  mathematicians,  as  solutions  of 
this  conspicuous  difficulty.  But  without  dwelling 
•upon  these  conjectures,  it  may  suffice  to  notice  that 
hypothesis  upon  which  the  attention  of  mathema- 
ticians was  soon  concentrated.  This  was  the  It^po- 
■thesis  of  finiia  intercah  between  the  particles  of 
the  ether.  The  length  of  one  of  those  undulations 
which  produce  liglit,  i.s  a  very  small  quantity,  its 
mean  value  being  l-r>iU)0Oth  of  an  inch;  but  in  the 
previous  investigations  of  the  eonsequonces  of  the 
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theory,  it  had  been  assumed  that  the  distaneo  from 
each  other,  of  the  particles  of  the  ether,  which,  bj 
their  attractionB  or  repulsions,  caused  the  undula- 
tions to  be  propagated,  is  indefinitely  less  than  this 
small  quantity ; — so  that  its  amount  might  be  neg- 
lected in  the  eases  in  which  the  length  of  the  undu- 
lation was  one  of  the  quantities  which  determined 
the  result.  But  this  assumption  was  made  arbi- 
trarily, as  a  step  of  simplification,  and  because  it 
wais  imagined  that,  in  this  way,  a  nearer  approach 
was  made  to  the  case  of  a  continuous  fluid  ether^ 
which  the  suppositiou  of  distinct  particles  imper- 
fectly represented,  It  was  still  free  for  mathema- 
ticians to  proceed  upon  the  opposite  assumption,  of 
particles  of  which  the  distances  were  finite,  either 
as  a  mathematical  basis  of  calculation,  or  as  a  phy- 
sical hypothesis ;  and  it  remained  to  be  seen  it 
when  this  was  done,  the  velocity  of  light  would  still 
be  the  same  for  different  lengths  of  undulation,  that 
is»  for  different  colours.  M.  Caueby,  calculating, 
upon  the  most  general  principles,  the  motion  of 
such  a  collection  of  particles  as  would  form  an 
elastic  medium,  obtained  results  which  included  the 
new  extension  of  the  previous  hypothesis.  Pro- 
fessor Powell,  of  Oxford,  applied  himself  to  reduce 
to  calculation,  and  to  compare  with  experiment,  the 
result  of  these  researches.  And  it  appeared  that,  on 
M.  Cauehy's  principles,  a  variation  in  the  velocity 
of  light  is  produced  by  a  variation  in  the  length  of 
the  ^'ave,  provided  tJiat  the  interval  between 
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molecules  of  the  ether  bears  a  sensible  ratio  to 
the  length  of  an  undulation '*.  Professor  Powell  ob- 
tained also,  from  the  general  expressions,  a  formula 
expressing  the  relation  between  the  refractive  index 
of  a  raj,  and  the  length  of  a  wave,  or  the  colour 
of  light™.  It  then  became  his  task  to  ascertain 
whether  this  relation  obtained  experimentally ;  and 
he  found  a  very  close  agreement  between  the  num- 
bers whieh  resulted  from  the  formula  and  those 
observed  by  Fraunhofer,  for  ten  different  kinds  of 
media,  namely,  certain  glasses  and  Huids*'.  To  these 
he  afterwards  added  teu  other  cases  of  crystals 
observed  by  M.  Rudberg".  Itr.  Kelland,  of  Cam- 
bridge, also  calculated,  in  a  manner  somewhat  dif- 
ferent, the  results  of  the  same  hypothesis  of  finite 
intervals^,  and  obtaining  formulie  not  exactly  the 
same  as  Professor  Powell,  found  also  an  agreement 
between  these  and  Fraiinhofer's  observations. 

It  may  be  observed,  that  the  refractive  indices 
observed  and  employed  in  these  comparisons,  were 
not  those  determined  by  the  colour  of  the  ray,  which 
is  not  capable  of  exact  identification,  but  those  more 
accurate  measures  which  Fraunhofer  was  enabled 
to  make,  in  conseiiuence  of  having  detected  in  the 
spectrum  the  black  lines  which  he  called  B,  C,  D,  E, 
F,  G,  H.  The  agreement  between  the  theoretical 
formula;  and  the  observed  numbers  is  remarkable. 


Phil,  Mag.  vol.  vl.  p.  266. 
"  Phil.  Trans.  1R35,  p.  249. 
"  Cam/).  Tiaits.  vril.  vi.  p.  \'t^. 


*"  III.  vol.  vi;.  1835,  p.  20(5. 
*•  lb.  i836,  p.  17. 
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throughout  all  the  series  of  comparisons  of  which 
we  have  spoken.  Yet  we  must  at  present  hesitate 
to  pronounce  upon  the  hypothesis  of  finite  intervals, 
as  proved  by  these  calculations ;  for  tliough  this 
hypothesis  has  given  re.sults  agreeing  su  closely 
with  experiment,  it  is  not  yet  clear  that  other 
h^'potheses  may  not  produce  aa  equal  agreement. 
By  the  nature  of  the  case,  there  must  be  a  cer- 
tain gradation  and  continuity  in  the  succession 
of  colours  in  the  spectrum,  and  hence,  any  sup- 
position which  will  account  for  the  g-cneral  fact  of 
the  whole  dispersion,  may  possibly  aecouut  for  the 
amount  of  the  intermediate  dispersions,  because 
these  must  be  interpolations  between  the  extremes. 
The  result  of  this  hypothetical  calculation,  how- 
ever, shows  very  Hatisfuctorily  that  there  is  not,  in 
the  fact  of  dispersion,  anything  which  is  at  all 
formidable  to  the  undulatory  theory. 

11.  Conclttsion.— There  are  S5everal  other  of 
the  more  recondite  points  of  the  theory  which  may 
be  considered  as,  at  present,  too  undecided  to  aHow 
us  to  speak  historically  of  the  discussions  which 
they  have  occasioned".  For  example,  it  was  con- 
ceivetl,  for  some  time,  that  the  vibrations  of  po- 
larized light  are  perpendicular  to  the  plane  of 
polarixatioii.  But  this  assumption  was  not  an  es- 
sential part  of  the  theory ;  and  all  the  phenomena 
would  equally  allow  us  to  suppose  the  vibrations 

*'  For  an  sctrount  of  thew,  see  Prfffessor  LJoyd'a  Itcpurt  on 
VhtfHical  Optics.  (Brit  Ass«c.  Report,  1834.) 
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to  be  in  the  polarization  plane ;  the  main  requisite 
being,  that  light  polarized  in  planes  at  right  angles 
to  each  other,  should  also  have  the  vibrations  at 
right  angles.  Accordingly,  for  some  time,  this 
point  was  left  undecided  by  Young  and  Fresnel, 
and,  more  I'ccentlj,  some  mathematieians  have 
come  to  the  opinion  that  ether  vibrates  in  the 
plane  of  polarization.  The  theory  of  transverse 
vibrations  is  etiually  stable,  whichever  supposition 
may  be  finally  confirmed. 

We  may  speak,  in  the  same  manner,  of  the 
suppositions  which,  from  the  time  of  Young  and 
Fresnel,  the  cultivators  of  this  theory  have  been 
led  to  make  respecting  the  mechanical  constitution 
of  the  ether,  and  the  forces  by  which  transverse 
vibrations  are  produced.  It  was  natural  that  va- 
rious difficulties  should  arise  upon  such  points,  for 
transverse  vibrations  had  not  previously  been  made 
the  subject  of  mechanical  calculation,  and  the 
forces  which  occasion  them  must  act  in  a  different 
manner  from  those  which  were  previously  con- 
templated. Still,  we  may  venture  to  say,  without 
entering  into  these  discussions,  that  it  has  appear- 
ed, from  all  the  mathematical  reasonings  which 
have  been  pursued,  that  there  is  not,  in  the  con- 
ception of  transverse  vibrations,  anything  incon- 
sistent either  with  the  principles  of  mechanics,  or 
with  the  best  general  views  we  can  form,  of  the 
forces  by  which  the  universe  is  held  together. 
I  willingly  speaJi  as  brieHy-as  the  nature  of  my 
VOL.  It  K  5 
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undertaking  allows,  of  those  points  of  the  iindulaw 
tory  theory  which  are  still  under  dcliteration  amoug 
mathomaticians.     With   respect  to  these,   an  inti- 
mate acquaintance  with  mathematics  and  physics 
is  necessary  to  enable  any  one  to  understand  the 
steps  which  are  made  from  day  to  day ;  and  still 
higher  philosophical  f|nalilications  would  be  requi- 
site in  order  to  pronounce  a  judgment  upon  them. 
I  shall,  therefore,  conclude  this  survey  by  remark- 
ing the  highly   promising  condition  of  this  great 
department  of  science,  in  respect  to  the  character 
of  its  cultivators.      Nothing   less  titan    profoutid 
thought  and  great  mathematical  skill  can  enable 
any  one  to  deal  with  this  theory,  in  any  way  likclj 
to  promote  the  interests  of  science.     But  there  ap-i 
pears,  in  the  horizon  of  the  scientific  worl<l,  a  con-| 
siderable  class  of  young  mathematicians,  who 
already  bringing  to  these  investigations  the  requisite! 
talents  and  zeal;  and  who,  having  acquired  their 
knowledge  of  the  theory  since  the  time  when  its 
ceptation  was  doubtful,  possess,  without  effort,  that 
singleness  and  decision  of  view  as  to  its  fundament 
doctrines,  which  it  is  difficult  for  those  to  attain' 
whose  minds  have  had  to  go  through  the  hesitation, 
struggle,  and  balance  of  the  epoch  of  the  establish- 
ment of  the  theory.     In  the  hands  of  this  new  gene-l 
ration,  it  is  reasonable  to  suppose  the  analytical  | 
mechanics  of  light  will  be  improved  as  much  as  thej 
analytical  mechanics  of  the  solar  system  was  bv  the] 
successors  of  Newton.  We  have  already  had  to  aoticej 
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many  of  this  younger  race  of  undulatJonists.    For 
besides  MM.  Caucliy,  Poisson,  and  Ampere,  M.  Lam^ 
has  heen  more  recently  following  these  researches  in 
France".    In  Belgium,  M.  Quetelet  has  given  great 
attention  to  them;  and,   in  our  own  country.  Sir 
William  Hamilton,  and  Professor  Lloyd,  of  Dublin, 
have  been  followed  by  Mr.  MacCullagh.    Professor 
Powell,  of  Oxforti,   has   continued  his  researches 
with   unremitting   industry ;    and,    at    Cambridge, 
Professor  Airy,   who  did    much  for  the  estabtlsh- 
ment  and  diffusion  of  the  theoiy  before  he   was 
removed  to  the  post  of  Astronomer  Royal,  at  Green- 
wich, has  had  the  satisfaction  to  see  his  labours  con- 
tinued  by  others,  even  to  the  most  recent  time;  for 
Mr.  Kelland*.  whom  we  have  already  mentioned, 
and  Mr.  Archibald  Smith",  the  two  persons  who,  in 
1834  and  1836,  received  the  highest  raatheniatieal 
honours  which   that   university  can    bestow,   have 
both  of  thera  published  investigations  respecting 
the  undulatory  theory.     We  may  be  permitted  to 
add,  as  a  reflection  obviously  suggested  by  these 
facts,  that  the  cause  of  the  progress  of  science  is 
incalculably  benefited  by  the  existence  of  a  body 
of  men,  trained  and  stimulated  to  the  study  of  the 

"  Prof.  Llo}J"»  Rejtort.  p.  ,^*)2. 

"  On  Ihe  Diipgfsitin  of  highly  af  tsplained  bi(  the  HtfpothfMi 
oj  Finite  Jnigrvah,     Canvb.  Tran^.  vol.  vi,  ji.  153, 

"  Ihiufsligatioti  af  th6  E(jnaihH  lo  Fres>telg  Wave  Surface, 
W>-  p.  86.     See  alsi»,  in  the  saniO'  votmuL',   Malhuaafical  Conti- 
deralions  on  the  PntbUm  of  Ihf  Hmnbav,  showing  it  to  belong 
-  tft  Ptiysica.1  Optice,  by  R-  Pott#r,  Estj.,  of  Quepiw'  Cflllcge. 
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higher  mathematics,  such  as  existB  m  tbe  Britrsll, 
universities,  who  are  thus  prepared,  when  an  al 
struse  and  sublime  theory  comes  before  the  world 
with  all  the  characters  of  truth,  to  appreciate  its' 
evidence,  to  take  steady  hold  of  its  principles,  to, 
pursue  its  calculations,  and  thus  to  eonvort  into  a] 
portion  of  the  permanent  treasure  and  inheritancaj 
of  the  civilized   world,  discoveries   which  migrhtl 
otherwise  expire  with  the  great  geniuses  who  pro- 
duced them,  and  be  lost  for  ages,  as,  in  former 
times,  great  scientLfic  discoveries  havR  soraetimt 
been. 

The  reader  who  is  acquainted  with  the  histoiyj 
of  recent  optical  discoverj,  will  see  that  we  hav< 
omitted  much  which  hast  justly  excited  admiration; 
as,  for  example,  the  phenomena  produced  by  gla 
under  heat  or  pressure,  noticed  by  MM-  Lobeck,^ 
Biot,  and  Brewster,  and  many  most  curious  pro- 
perties of  particular  minerals.  We  have  omitted, ' 
too,  all  notice  of  the  phenomena  and  laws  of  the 
absorption  of  light,  which  hitherto  stand  uncon-' 
nected,  with  the  theory.  But  in  this  we  have  not 
materially  deviated  from  our  main  design  ;  for  our 
end,  in  what  we  have  done,  has  been  to  trace  the  ^j 
advances  of  Optics  towards  perfection  as  a  theory ;  ^M 
and  this  task  we  have  now  nearly  executed  as  far 
as  our  abilities  allow. 

We  have  been  desirous  of  sbomng  that  the  li/pe 
of  this  progress  in  the  histories  of  the  two  great 
sciences,  Physical  Astronomy  and  Physical  Optics, 
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is  the  same.  In  both  we  have  maoj  Laws  qf  Phe- 
nomena, detected  and  accumulated  by  acute  and 
inventive  men;  we  have  Prelitdial  guesses  which 
touch  the  true  theory,  but  which  remain  for  a  time 
imperfect,  uudeveloped,  unconfirmed ;  iinaUy,  we 
have  the  Epoch  when  this  true  theory,  clearly  ap- 
prehended by  great  philosophical  geniuses,  is  recom- 
mended by  its  fully  explaining  what  it  was  first 
meant  to  explain,  and  confirmed  by  its  explaining 
what  it  was  not  meant  to  explain.  We  have  then 
its  Progress  struggling  for  a  little  while  with  ad- 
verse prepossessions  and  ditfieulties ;  tinally  over- 
coming all  these,  and  moving  onwards,  while  its 
triumphal  procession  is  joined  by  all  the  younger 
and  more  vigorous  men  of  science. 

It  would,  perbaps,  be  too  fanciful  to  attempt  to 
establish  a  parallelism  between  the  prominent  per- 
sons who  figure  in  tliese  two  historios.  If  we  were 
to  do  this,  we  must  consider  Huyghciiis  and  Ilooke 
as  standing  in  the  place  of  Copernicus,  since,  like 
him*  they  announced  the  true  theory,  but  left  it  to 
a  future  age  to  give  it  developement  and  mecha- 
nical confirmation :  Malus  and  Brewster,  grouping 
them  together,  correspond  to  Tycho  Brahe  and 
Kepler,  laborious  in  accumulating  observations,  in- 
ventive and  happy  in  discovering  Jaws  of  pheno- 
mena; and  Young  and  Fresnel  combined,  make  up 
the  Newton  of  optical  science  (oa). 
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(da.)  p.  377.  There  Appears  to  be  good  ground 
aas^qt  to  the  asaertion  of  Alhazen's  origlnulitj  by  his  editor' 
Eisner,  who  Bnye,  "  EucUdeum  hie  vel  Ptoleinaicum  niliil 
fere  est."  Besides  the  iloctrino  of  the  reflection  and  refrao- 
tion  of  light,  the  Arabian  author  givM  a  description  of  tte 
ejre.  He  distinguishes  three  fluids,  /lumor  aqiumn^  crygtal- 
Hnm,  vitreus,  and  four  coata  of  the  eye,  tunica  adhtrtnt, 
(Mfiwd,  ucea,  iwiika  reti  similk.  Ho  distinguishes  aiB9  ^ 
three  kinds  of  vision:  "Visibile  percipitur  aut  solo  vie 
aut  viau  et  sytlogismu,  aui  visu  et  snticipata  notione/ 
He  has  several  propositions  relating  to  what  wc  fometimflil 
call  the  Philosophy  of  Vision  :  for  instance  this :  "Evisibil 
SEBptus  viso  retDBJiet  in  anima.  genoratis  notio,"  &c. 

(ea.)  p.  377.     I  have  already  elated  (vol.  i.  p.  117,) 
"that  Vitello  asserts  that  his  Tables  were  dorived  from  Iiia 
own  observations.      Their  near  agreement  with  those  of; 
Ptolemy  does  not  make  this  improbable  :  for  where  tbd 
obsorrations  were  only  made  to  half  a  degree,  there  waa 
not  much  room  for  observers  to  diSer.     It  is  not  iinhkelyi 
that  the  obBervationiB  of  refraction  out  of  air  into  watef 
and  glass,  and  out  of  water  into  glaas,  wore  actualJy  made;, 
while  tho  impossible  values  wliieh  accompany  them,  of  th« 
rtiractton  out  of  water  aod  glaiw  into  air,  and  out  of  gl 
into  water,  were  calculated,  and  calculated  from  an  erro- 1 
neoua  rule. 

(pa..)  p.  379.    Huyghena  eaya  of  SnoU'a  paper?,  "  Qua , 
nt  nos  vidimus  alif|uundo,   ct  Cartefihim    r^LOfjue   vidiauj 
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aceapiinus,  ot  liinc  f{)rtHaB<;  nicn&uruiii  tUam  qvsE  in  Binibus 
consifitib  clicuerit."  Isaac  Vossius,  De  Lin^  Naturd  et  Priy 
prustaie,  aays  that  lie  also  ha4  seen  this  law  in  Snell's 
unpublished  o]itical  Treatise.  The  same  writer  eays, 
'*  Quod  itque  (Carteeius)  haLet,  refractionum  momenta 
uon  exigcnda  esse  atl  anguloe  Bed  ad  lineae,  id  tuo  Sneltio 
aoceplum  ferre  debuisset,  ciijus  nomen  more  tolito  din- 
«jraulavit>" 

Haygbena''  assertion  thnb  Snell  did  not  attend  to  tbf 
proportion  of  the  eines  ia  very  captious ;  and  beoomefi 
absurdly  so,  wbeti  it  ie  made  to  mean  tbikt  Sn«U  did  not 
hioit!  tbe  law  of  the  sines.  It  ia  not  denied  that  Snell 
knew  the  true  law,  or  that  tbo  true  law  is  the  law  gf  the 
sinee.  Snell  docs  not  use  the  trigonometrical  term  si'ne, 
bub  lie  expresses  the  law  in  a  geometrical  form  more 
eimply.  Kven  if  he  Aad  attended  to  the  law  of  the  sines, 
he  might  reasonably  have  preferred  his  own  way  of 
stating  it. 

James  Gregory  also  independently  dtacovered  the  true 
law  of  refraction ;  and,  in  publiahing  it,  states  that  he  had 
learnt  that  it  Isad  already  been  published  by  Descartes. 

I  have  omitted  mauy  interesting  parta  of  the  history 
of  Optics  about  this  period,  because  I  was  concerned  with 
the  inductite  discovery  of  laws,  rather  than  with  niatlicnia- 
tioal  deductimis  from  sucli  taws  when  e£tablishod,  or  appU- 
eaticm  of  them  iu  the  form  of  instnirnenta,  I  might 
otherwise  have  noticed  the  discovery  of  Spectacle  Glafises, 
of  the  Telescope,  of  the  Micro&cope,  ofthe  Camera  Obscura, 
and  the  mathematical  explanation  of  these  and  other  phe- 
nomena, .18  given  by  Kepler  and  others.  I  might  also 
have  QotioGd  the  pro{^pi?s  of  knowledge  rfispecting  the  Eye 
and  Vision.      We  hiive  seen  that  Alhazon  described  the 
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structure  of  the  eye.  The  operation  «f  the  parts  w» 
gradually  made  out.  Baptieta  Porta  compares  the  eye  to ' 
hiB  Camera  Obseura  {Mag ia  2^iiiuralii,  1579).  Scheiner,  id 
lue  O-ad-aXf  published  1652,  corapletod  the  theory  of  the  eye. 
And  Kopler  discussed  Gome  of  ths  questions  even  now  often 
agitated ;  as  the  eausen  and  conditions  of  our  seeing  objects  ] 
single  with  two  eyes,  and  erect  with  inverted  images. 

(r.A.)  p  395.  After  a  careful  consideration  of  Sir  D. 
Brewgtere  aefivrt«d  analysis  of  the  solar  light  into  threo 
colours  by  means,  of  absorbing  media,  I  cannot  consider 
that  he  haa  eMablished  his  point  &a  an  oxoeption  tO' 
Nflwton's  doctrine-  In  the  first  place,  the  analysis  into 
three  colours  appears  to  me  quite  arbitrarj-,  granting  alt 
hi8  experimental  facts.  I  do  not  see  why,  using  other 
media,  ho  might  not  just  as  well  have  obtained  otlicr 
elonientary  colours.  In  the  next  j)lace,  this  cannot  bo 
called  an  anah/sh  m  the  same  sense  as  Nevvton'a  annlysiB, 
except  the  relation  between  the  two  is  shown.  Is  it  meant 
thatNewton'a  e.\perimentB  prove  notliing!  Or  is  Newtonsj 
eonclusion  allowed  to  be  true  of  light  which  has  not  boeai 
analyzed  by  absorption !  And  wliero  are  wo  to  find  such 
lighti  since  the  atuiosphero  abBorbs  >.  But,  I  must  add,  in 
thn  third  place,  that  with  a  very  sincere  admiration  of  Sir 
D.  Breweter's  skill  as  fl.n  experimenter,  I  think  this  expfr- 
riinent  rccjuircs,  not  only  limitation,  but  confirmation  by 
other  experimenters.  Mr.  Airy  repeated  the  experiments 
with  about  thirty  different  absorbing  enbstancea,  and  could 
not  satisfy  himself  that  in  any  case  they  changed  the 
colour  of  a  ray  of  given  refractive  power.  These  experi- 
ments were  deaoribed  by  him  at  a  mcotiug  of  the  Carm- 
bridge  PhiloBophical  Society. 

(ra.)  p.a97.  .  Mr.  CheBter  Mon-  Hall,  of  More  Hall,, 
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in  EssDX,  is  saJil  to  hare  been  led  by  the  study  of  the 
humiui  eyo,  which  he  conceived  to  be  achromatic,  to  con- 
Btnict  achromatic  teleacopea  as  early  as  1729.  Mr.  HalL, 
however,  kept  his  invention  a  sGcrct.  David  Gregory,  in 
hia  Catoptrics  (1713)  had  suggeated  that  it  would  perliape 
be  an  improvement  of  telescopes,  if,  in  imitation  of  the 
humaa  eye,  tho  object-glass  were  compcraed  oF  different 
media.     Etictjc.  Brit.  art.  Optica. 

It  is  eaid  that  Clairaut  first  discovered  the  irrationality 
of  the  colourad  spaces  in  the  apectrum.  In  coDscquonoe 
of  thia  irrationality,  it  rulluwa  that  when  two  refracting 
media  are  eo  combined  as  to  correct  each  other's  extreme 
dispersion,  (the  separation  of  the  red  an<i  violet  rays,)  this 
first  step  of  correction  etill  leaves  a  rosiduo  of  coloration, 
arising  from  the  unequal  diapiersion  of  the  intermediate 
rays  (the  green,  &c.)  These  aitfitaiidiitg  colours,  as  they 
vrere  termed  by  Prof.  Robtaon,  fonn  the  residual^  or 
aecoadarr/  spectrum. 

Dr,  Bl&ir,  by  very  ingenious  devicee,  succeeded  in  pro- 
ducing an  object-glass,  corrected  by  a  fluid  lens,  in  which 
tliia  aberration  of  colour  wae  completely  corrected,  and 
which  porformed  wonderfuDy  well. 

The  dispersion  produced  by  a  prism  may  be  corrected 
by  another  prism  of  the  same  mbdatuie  and  of  a  diHerent 
anglo.  In  this  case  also  thore  is  an  irrationality  in  tho 
coloured  spaces,  which  prevents  the  correction  of  colour 
from  being  conipiete  ;  and  hence,  a.  new  residuary  spec- 
trum, which  has  been  called  tho  tertiary  spectrum,  by  Sir 
David  Brewster,  who  first  noticed  it. 

I  have  omitted,  in  the  notice  of  discoveries  respecting- 
the  spectrum,  many  remarkable  triune  of  uxperiniental 
research,  and  especially  the  investigations  respecting  tlin 
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power  of  varioUB  media  to  absorb  the  light  of  diSbreut] 
parts  of  tho  Bpectrum,  prosecuted  by  Sir  David  Breweterj 
with  extra&rdinar)'  skill  and  aagacity.  Those  observatinrgj 
are  referred  to,  p.  3'Jo.  .Sir  John  Horschol,  Prof.  Miller, 
Mr,  Daniel,  Ur.  Faraday,  and  Mr.  Talbot,  have  also  con-, 
tributed  to  thia  part  of  our  knowledge. 

(lA.)  p.  399-  I  have,  in  tLie  part  of  my  narrative,! 
attempted  to  correct  some  inaccuracit-a  wluch  wore  pointed 
out  in  the  foriner  edition  ;  and  I  have  omitted  gome  ex- 
preBBions  which  related  to  c^ntrovcrflies  arii-ing  out  of  these 
disooveries,  and  which,  it  was  represented,  might  give  pun 
to  the  persons  concerned, 

I  ought  to  have  stated  in  this  elmptcr  that  Malus  dia-  i 
covered    the  depolarization  of  tcAita  iitr&t  in  181].      He' 
found  that  &  pencil  of  light  which,  being  polarized,  refused 
to  be  reflected  by  a  surface  properly  placed,  recovered  its  | 
power  of  being  reflected  after  being  traneniitted  through 
certain    crystals   and    other  transparent   bodiee.      Malua 
intended  to  pursue  tills  subject,  when  his  resGarcheB  were 
terminated  by  his  death,  Feb.  7,  1812,     M.Aitigo,  about] 
the  same  time,  announced  his  important  discovery  of  the] 
depolarization  of  colours  by  crystals. 

I  may  add,  to  what  ie  eaid  of  M,  Biotas  discoveriesj 
respecting  the  circular  polarizing  power  of  fluids,  (p.  3S9,)  1 
that  he  pursued  his  researches  so  as  to  bring  into  view 
some  nio&t  curious  relatione  among  the  elements  of  bodies. 
It  .appeared  that  certain  suhstauces,  as  &u^ar  of  canes,  had 
a  right-handed  effect,  and  certain  other  substances,  ss 
gum,  a.  left-handetl  effect ;  and  that  the  moIet:ular  value  of 
this  effect  w;u  not  altered  by  dilution-  It  ap]>eared  also 
that  a.  eortain  clement  of  the  eubfitance  of  fruits  which  had 
been  supjiosed  to  be  gum.  aud  which  is  changed  into  sugar 


NOTES  TO  BOOK    IX. 


i>07 


by  Urn  uperation  of  ucids,  h  not  gum,  and  hw  a  very 
i^iiergetic  right-handed  effect.  This  substance  M.  Biot 
called  thxtrlne,  and  he  has  since  traced  ita  effects  into 
iBsny  highly  curious  antl  important  results. 

(ka.)  p,  444-.  I  cnay  mentiorii  in  addition  to  the 
applications  which  Young  made  of  the  principle  of  inter- 
fercncea,  his  Eriamet-er,  an  instniment  invented  for  the 
puri»o6c  of  mcasm-ing  tlie  tliicknees  of  the  fibres  of  wood ; 
and  the  explanation  of  the  supernumerary  liiinde  of  the 
rainbow.  These  explanations  involve  calculations  founded 
CD  the  length  of  an  undulation  of  light,  and  were  conitnued 
by  experiment,  as  far  as  experiment  went. 

(lx,)  P-  458.  In  the  Pkil.  Ind.  Sc-  B.  si.  Ch.  iii- 
Sect.  II.  I  have  spoken  of  the  consilience  of  inductiong  as 
one  of  the  characters  of  scientiifio  truth.  We  have  several 
Btrikiiig  infitances  of  such  coiiBilietlc^  in  the  hietoiy  of  the 
andulatory  theory.  The  phenomena  of  fringes  of  shiidows 
and  coloured  bands  in  crystals  jump  tofjether  in  the  Theory 
of  Vibrations.  The  phenomena  of  polarization  iid  double 
refraction  juTiip  iotjetlter  in  the  Theory  of  Crystalline  Vi- 
brations, The  phenomena  of  polarization  and  of  the  inter- 
ference of  polarized  rays  jump  together  in  the  Theory  of 
Transverse  Vibrations. 

(ha.)  p.  4G6.  The  proof  of  what  is  here  said  of  the 
undulatury  theory  is  contained  in  the  previous  history. 
This  theory  has  "iiccounted  for,  explained,  and  siniplLfied 
the  most  entangled  cases  C  as  the  cases  of  fringes  of 
ehadowB ;  ahadowB  of  gratings ;  coloured  bands  in  biaxal 
crjstals,  and  in  q^uartz.  There  are  no  optical  phenoiaeoa 
more  entangled  than  these.  It  has  "correrted  experi- 
mental Iriw-fl,""  aa  in  the  caao  of  M.  Biot'e  law  of  the 
direction  of  polarization  in  biaxal  crystals.      He  has  done 


508 


NOTES  TO  BOOK  IX. 


this  "without  ranking  any  new  pliydcal  li  jpothceuB  ; "  for 
tho  transverao  direction  of  vibrations,  the  different  optic*l 
elasticities  of  crystals  in  different  directions,  and  (if  it 
be  adopted)  tho  hypothesis  of  finite  intervala  of  the  par- 
ticles (see  p.  454),  are  only  limitationH  of  what  was  inde- 
finite in  tho  earlier  form  of  the  h^'pothesis.  And  so  far 
a»  the  properties  of  ^ieiblo  radiant  light  are  concerned, 
I  do  iiot  think  it  at  all  too  much  to  eay,  as  M,  Schwerd 
has  said,  (see  p.  452,)  that  "  the  undulation  theory  ao- 
counts  for  the  phenomena  as  eoraplt-tely  as  the  theory  of 
gravitation  doea  for  the  facts  of  the  fiolar  aystcm." 

This  we  might  eay,  even  if  some  facts  wore  not  yet  fully 
explained;  for  sb  I  havt?  shown,  in  the  (Notes  to  Book 
vu.),  auch  unex]>Iaincd  facts  still  remain  in  the  solar  eysbem. 
With  rogard  to  tho  undulatory  theory,  these  exceptions 
arc,  I  think,  diaappenring  quite  as  rapidly  and  aa  com- 
pletely uA  in  the  caeo  of  gravitation.  It  is  to  be  ob- 
served that  no  presumption  against  the  theory  can  with 
any  show  of  reason  bo  collected  from  the  cases  in  which 
clossei}  of  phenomena  remain  unexplained,  the  theory 
having  never  been  applied  to  them  by  any  mathematician 
capablo  of  tracing  its  results  correctly.  Tho  luatory  of 
the  theory  of  gravitation  may  shew  us  abundantly  how 
necessary  it  ia  to  bear  in  mind  this  caution :  and  the 
results  of  the  undulatory  theory  cannot  bo  tracod  without 
great  mathematical  skill  and  great  labour,  any  more  than 
those  of  gravitation. 

This  remark  applies  to  such  cases  as  that  of  the  troM- 
vfine  friji^ei  of  ^nofied  mr/aegs.  The  general  phenomena 
of  these  cascrs  are  ptrrfectly  explained  by  tho  theorj'.  There 
is  an  intumiption  in  tho  light  In  an  oblii]ue  direction, 
which  has  not  yet  been  explained;  but  looking  at  what 
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M  heem  dono  in  other  cti&ce,  h  is  impoesiblo  to  daubi 
that  this  phcnonieaa  depends  upon  the  results  of  certain 
int^ations,  and  would  be  explained  if  these  were  riglitly 
porfonned. 

The  phenomena  of  crystallised  aur/acss,  and  especially 
their  effects  upon  the  plane  of  polarization,  wore  exaniinod 
by  Sir  D.  Brewgter,  and  in-wa  of  the  phenoDaena  made 
out  by  him  with  hia  usual  skill  and  sagacity.  For  a 
time  theiM  remained  UQCxplaincd  by  the  theory.  But 
recently  Mr.  MaeCullagh  has  traced  tlie  coneflqncnicefl  of 
the  theory  in  this  case,  and  obtained  a  law  which  repre- 
Bents  mth  mutih  exactness,  Sir  D.  Brewster's  observation. 
{Prof.  Lloyd's  HepoH^  Brit.  Assof..  1834.,  p.  374) 

The  phenomenon  which  Sir  D.  Brcweter,  in  1837. 
called  a  new  property  «/  liffht,  (certain  appearancea  of 
the  Bpectnim  when  the  pupil  of  the  eye  is  haif  (severed 
with  a  thin  glass  or  crystal,)  have  been  esplaiucd  hy 
Mr,  Airy  in  the  Fhii  Tran».  for  1840. 

1  ma.y  remark  also  that  there  is  qo  force  in  the  objec- 
tion which  ha?  been  urged  against  the  admirers  of  the 
nndulatory  theory,  that  by  the  fulness  of  their  assent  to 
it,  they  discourage  further  reaearchee  whieh  may  oontra- 
diet  or  confirm  It.  VVe  must,  in  this  point  of  vi&w  alBo, 
look  at  the  course  of  the  theory  of  gravitation  and  its 
remilte.  The  acceptaJice  of  that  theory  did  not  prevent 
mathematicians  and  oibservers  from  attending  to  the  ap- 
parent exceptions,  but  on  the  contrary,  stimulated  them 
to  calculate  and  to  observe  with  additional  zeal,  and  still 
does  80.  The  acceleration  of  the  Moon,  the  mutual  dis- 
turbances of  Jupiter  and  Saturn,  the  motions  of  Jupiter's 
Satellites,  the  c^ffcct  of  the  E^rthg  oblatcnesB  on  the 
Moon's  motion,  the  motions  of  the  Moon  about  her  owu. 
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center,  JiJid  many  other  phenomena.,  were  etudied  •with  th« 
greater  attention,  becatiee  tlie  general  theory  waa  deomed 
BO  convincing :  and  the  eame  caii§e  makes  the  remaining 
exceptions  objects  of  intense  interest  to  astrononiera  and 
maiUieniaticiiine.  The  matheniatii^inns  and  optical  6x- 
perimeiiters  who  accept  the  undulatory  theory,  will  of 
course  follow  out  their  conviction  in  the  same  mimner. 
Accordioglyi  this  has  been  done  and  is  etili  doing,  iw  ia 
Mr.  Airy>  mathematical  investigation  of  the  effect  of 
an  annular  aperture ;  Mr,  Eamahaw's^  of  the  effect  of  a 
triangular  aperture ;  Mr.  Talbot's  explanation  of  the 
effect  of  interposing  a  film  of  mica,  between  a  part  of 
the  pupil  and  the  pure  spectrum,  so  nearly  approaching 
to  tho  phenomena  which  have  been  spoken  of  as  a  new 
Polarity  of  Light ;  besides  other  labourB  of  eminent  ma- 1 
tbematicians,  elsewhere  mentioned  in  these  pages- 

The  phenomena  of  the  absorption  of  Ught  have  no 
especial  bearing  upon  the  undulatory  theory.  There  is 
not  much  difficulty  in  explaining  the  possUdlity  of  absorp- 
tion upon  the  theory.  When  the  light  is  absorbed,  it 
ceases  to  belong  to  the  theory. 

For,  as  I  have  said,  the  theoi^  profesMs  only  to 
explain  the  phenomena  of  radiant  visibh  light.  We 
know  very  well  that  light  has  other  bearings  and  pro- 
portioa.  It  produces  chemical  effects.  Tbe<  optical  polar- 
ity of  cryetals  is  connected  with  the  cliemical  polarity  of 
their  constitution.  The  natur.il  colours  of  bodies,  too, 
are  connected  with  their  chemical  conetitution.  Light  ia 
aJso  connected  with  heat.  The  undulatory  theory  does 
not  tmdertako  to  oxplain  thcec  properties  and  their  eon-  j 
nexion.  If  it  did,  it  would  be  a  Theory  i>f  Heat  and 
of  Chemical  Conipo«>ltion,  as  well  as  a  Theory  of  Light. 
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Dr.  Faraday's  iwient  experimenta  have  shovm  that 
the  magnetic  polarity  is  directly  connected  with  that  op- 
tical polarity  by  which  the  plane  of  polarization  is  affected. 
When  the  hnra  of  magnetic  force  pass  through  certain 
transparent  bodies^  they  communicata  to  thcra  a  certain 
kind  of  circular  polarizing  power ;  yet  different  from  the 
eirdulnr  polarizing  power  of  quartz,  and  certain  fluids 
mentioned  pp.  3S8  and  506, 

Perhaps  I  may  be  allowed  to  refer  to  this  diBoovery 
AA  a  further  illustration  of  the  viewa  I  have  offered  in 
thd  Philosophy  of  the  Induciim  Sciences  nrapecting  th« 
Comy^ion  of  Co-exisfant  Polarities.    (B.  v.  Chap,  ii.) 

(na.)  p.  484.  I  believe  Froanel  did  not  deduce  the 
phenomenon  from  the  mathematical  fonnula,  without  the 
previous  auggestion  of  experiment.  Ho  obgerred  ap- 
pearances which  implied  a  difference  of  retardation  in  the 
two  differently  polarized  rayp  at  total  reflection ;  ae  Sir 
D.  Breweter  observed  in  reflection  of  motals  phenomena 
having  a  like  chamcter.  Tho  general  fact  being  Dbserv>ed, 
Fresnel  used  the  theory  to  discover  the  law  of  thia  retar- 
dation, and  to  determine  a  construction  in  which,  one 
ray  hiding  a  tiuarter  of  an  unduktion  retarded  more  than 
the  other,  circular  polarization  would  be  produced.  And 
thifi  anticipation  was  verified  by  the  conGtniction  of  his 
rhomb. 

As  a  etiU  more  ourious  verification  of  this  law, 
another  of  Freanel'e  experiments  may  be  uinntionod.  He 
found  the  proper  angles  for  a  eircuJarly  polarizing  glau 
rhomb  on  the  suppoaition  that  there  were  four  internal 
reflections  instearl  of  two ;  two  of  the  four  taking  place 
when  the  surface  of  the  glass  was  dr}',  and  two  when 
it  was  wet.     The  rhomb  was  made;  and  when  all  the 
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points  of  roflcwtion  were  drj',  tbe  ligbt  was  not  circularly, 
[volarized ;  when  two  points  wero  wet,  the  light  wae  cir- 
cularly   polarized ;    ami  when  all   four  were  wet,  it  was 
not  circularly  polarized, 

(OA.)  p.  .'>01-  In  the  Bcport  en  Physical  Cities, 
(Brk.  Ash.  Bfparti  183i,)  ty  Prof.  Lloyd,  the  progress  of 
the  mathematical  theory  after  Fresnel's  luVoura  is  stated 
more  distttictly  than  1  hove  stated  it,  to  the  following 
effect.  AmpL-ro,  in  1S28,  proved  Fresnel's  mathematical 
results  directly,  which  Freanel  had  only  proved  iiidireotlyj 
and  derived  from  hia  proof  FrescvVft  beautiful  geometri- 
cal eonstmction.  Prof.  MacCullagh  not  long  aft<>r  gave 
a  conciee  demonstration  of  the  same  theorem,  and  of  the 
other  principal  points  of  Freenel'B  theory.  Ho  rcprceent* 
the  elastic  force  by  means  of  an  ellipsoid  whose  axes  are 
inversely  proportional  to  those  of  Fresnel's  gencjrating 
ellipfioid,  and  deduces  FrcBnel'a  construction  geometrically. 
In  the  third  Supplement  to  his  Essay  on  tfte  Thewy  «f 
Syfteim  of  Ra^s,  {Tram.  H.  I.  Acad.  vol.  xvu.)  Sir  W, 
Hatnilton  has  presented  that  portion  of  FreanePB  theoiy 
which  relates  to  the  fundamental  problem  of  the  determi- 
nation  of  the  velocity  and  polariaation  of  a  piano  wave,  in 
a  very  elegant  and  analytical  form.  Thia  he  does  by  meauB 
of  what  ho  calls  the  characteristic  ftmdum  of  the  optical 
system  to  which  the  problem  belongs,  From  this  fono- 
tion  is  deduced  the  surface  of  wa-ce-aUwnees  of  the  medium; 
and  by  means  of  thia  eurface,  tlie  direction  of  the  rays 
refracted  into  the  medium.  From  this  construction  aJeo 
Sir  W.  Hamilton  wae  led  to  the  anticipation  of  conical 
refractitm,  mentioned  in  the  text. 

Tbo  inveatigations  of  MM.  Cauchy  and   Lamt'  refer 
tA>  the  hws  by  which  tlic  partidee  of  tbe  ether  act  upon 
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■each  other  and  upon  tlie  peptides  of  other  bodice; — n 
field  of  apcculation  whicli  appears  to  me  not  yet  ripe  for 
the  final  operjitioiis  of  tlie  analyst. 

Among  the  niAthetiiaticiaiiB  who  have  suppilied  de- 
fects in  Frcsners  reasoning  on  this  subject,  T  Diaj  mention 
Mr.  Tovcy,  who  treated  it  in  several  papers  in  the  Phi' 
lomphical  Magazine  (1837-40),  Mr,  Tovey's  early  death 
nwisi  bo  deemed  n,  loss  to  niatheniaticnl  science. 

Btisid(.>s  invvstigating  the  motion  of  symmetrical  e}'(item& 
of  particles  which  may  be  stippoaed  to  correspond  to  biaxal 
crystals,  Mr.  Tovey  uonaidereU  the  case  of  unsynimetricat 
s}'6teins,  and  foun*!  that  the  undulntions  propagated  would, 
in  the  general  caae,  be  elhptical ;  and  that  in  a  parti- 
cular case,  etrcular  undulatione  would  take  place,  hucIi  as 
are  propagated  along  the  axis  of  quartz.  It  appeals  to 
me.  however,  that  he  has  not  given  a  definite  meaning 
to  those  limitationa  of  his  general  hypothesis  wliich  con- 
duct liiin  to  this  rcBult.  Perhaps  if  the  hypothetical 
conditions  of  thia  result  were  traced  into  detail,  they 
would  be  found  to  reside  in  a  gcretc-liie  arrangement  of 
the  elementary  particlee,  in  some  degree  euch  ;ie  ciyetals 
«f  quartz  theinaelves  exhibit  in  their  fonne,  when  they 
have  plagihedral  faees  at  both  enda. 

Such  crystals  of  quartz  are,  flome  like  a  right-handed 
a.nd  some  like  a  left-handed  screw  ;  and  as  Sir  John  Her- 
schel  diecovoped,  the  circular  polarization  is  riglit-haiidcd 
or  left-handed  according  as  the  plagihedral  form  js  so. 
Tn  Mr.  Tovey's  hypothetical  investigation  it  does  not 
appear  upon  what  part  of  the  hypothesis  this  difierenee  of 
right  and  left-handftd  depends.  The  definition  ^f  tliis 
part  ol"  the  hypothesis  ij*  a  \try  dfsinihle  ftep. 
I  When    crj'stalti  nf  Quartz  are  right-handed    aX    one 
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end,  they  are  riglit-IiunJeii  at  the  otbGr  r-nd :  but  there 
18  a  different  kind  of  plagihedml  form,  which  oocura  in 
some  other  crystals,  for  instance,  in  Apatite ;  in  these 
the  pLagiltedral  faces  are  right-handed  at  the  one  ex- 
tremity and  left-tiiindud  at  the  other.  For  the  sake  of 
difltinotion,  we  may  call  the  former  hcmaloffoui  plagihedraJ 
faces,  ainoe,  at  both  ends,  they  liave  the  same  name ;  an4 
the  latter  kfterologotis  plagihedral  faces. 

The  homologous  plagihedral  fa«efi  of  Quartz  crystals 
are  accompanied  by  homologous  circular  polarization  of 
the  same  name.  I  do  not  know  that  heterologous  circo- 
lar  polarization  has  been  obsen-ed  in  any  crj-stal,  but  it 
has  been  discovered  by  Dr.  Faraday  to  occur  in  ^ass,  &;c. 
when  ftubJGoted  to  powerful  magnetic  action. 

Perbape  it  was  presumptuous  in  m«  to  attempt  to 
draw  such  comparisons,  especially  with  regard  to  living 
pei^ons,  as  I  have  clone  at  the  end  of  this  Book.  Having 
published  this  passage,  however,  I  ehall  not  Dow  sup- 
press it.  But  I  may  obseire  that  the  immense  num- 
ber and  variety  of  the  beautiful  optical  discoveries  which 
we  owe  to  Sir  David  Brew&ter  maken  the  comparison 
a  very  imperfect  representation  of  his  triumphs  over 
nature;  and  that,  besides  hia  place  in  the  history  of 
the  Theory  of  Optics,  he  must  hold  a  most  eminent 
pomtion  in  the  history  of  Optical  Crystallography,  when- 
ever the  discovery  of  a  True  Oplicai  Tlieory  of  Crystals 
supplier  us  with  the  Epoch  to  which  his  labours  in  this 
field  form  so  rich  a  Prelude.  I  cordially  assent  to  the 
expression  employed  by  Mr,  Airy  in  the  PhU.  Trctrw, 
for  184-0,  in  which  he  ^pcake  of  Sir  David  Brewster  lu 
"  the  Father  of  Modem  Experimental  Optics." 
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Et  primnm  fadant  ignem  9e  vortera  in  anras 
Aeris;  hinc  imbrem  gigni  temmqne  cranri 
Ex  imbri;  retroque  s  t«rr&  cuncta  revorti, 
Humorem  primom,  post  aea  deinde  caloreoi; 
Nee  ceasare  htec  Inter  ae  mutare,  meare, 
De  coelo  ad  terrani  de  teirft  ad  aiders  mondi. 
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Water,  and  ur,  and  fire,  alternate  run 

Their  endlese  circle,  multiform,  yet  one. 

For,  moulded  by  the  fervour's  latent  beams, 

SolidB  flow  loose,  and  fluids  flash  to  steams. 

And  elemental  flame,  with  secret  force. 

Pursues  through  earth,  air,  sky,  its  stated  coutbc. 
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Of  Thennotics  and  Atmology. 

I  EMPLOY  the  term  Thermotics,  to  include  all  the 
doctrines  respecting  Heat,  which  have  hitherto 
been  established  on  proper  scientific  grounds.  Our 
Survey  of  the  history  of  this  branch  of  science  must 
be  more  rapid  and  less  detailed  than  it  has  been 
in  those  subjects  of  which  we  have  hitherto  treated: 
for  our  knowledge  is,  in  this  case,  more  vague  and 
uncertain  than  in  the  others,  and  has  made  less 
progress  towards  a  general  and  certain  theory. 
Still,  the  narrative  is  too  important  and  too  instruc- 
tive to  be  passed  over. 

The  distinction  of  Formal  Thermotics  and  Phy- 
sical Thermotics, — of  the  discovery  of  the  mere 
Laws  of  Phenomena,  and  the  discovery  of  their 
Causes,— is  applicable  here,  as  in  other  departments 
of  our  knowledge.  But  we  cannot  exhibit,  in  any 
prominent  manner,  the  latter  division  of  the  science 
now  before  us;  since  no  general  theory  of  heat  has 
yet  been  propounded,  whioh  affords  the  means 
of  calculating  the  circumstances  of  the  phenomena 
of  conduction,  radiation,  expansion,  and  change  of 
solid,  liquid,  and  gaseous  form.  Still,  on  each  of 
these  subjects  there  have  been  proposed,  and  ex- 


518 


TH  ERMOTICS,— ATMOLOGV. 


tensively  assented  to,  certain  general  views,  each 
of  which  explains  its  appropriate  class  of  pheno- 
mena; and,  in  some  casea,  these  principles  have 
been  clothed  in  precise  and  mathematical  condi- 
tions, and  thus  made  bases  of  calculation. 

These  principles,  thus  possessing  a  generality  of 
a  limited  kind,  connecting  several  observed  laws 
of  phenomena,  but  jet  not  connecting  all  the  ob- 
served classes  of  facts  which  relate  to  heat,  will 
require  our  separate  attention.  They  may  be 
described  as  the  Doctrine  of  Conduction,  the  Doc- 
trine of  Radiation,  the  Doctrine  of  Specific  Heal, 
and  the  Doctrine  of  Latent  Heat ;  and  these,  and 
similar  doctrines  respecting  heat»  make  up  the 
science  which  we  may  call  Thcrmoties  proper. 

But  besides  these  collections  of  principles  which 
regard  heat  by  itself,  the  relations  of  heat  and 
moisture  give  rise  to  another  extensive  and  im- 
portant collection  of  laws  and  principles,  which  I 
shall  treat  of  In  connexion  with  Tlierinotics,  and 
shall  term  Atmologp,  borro-wlng  the  terra  from  the 
Greek  word  (ut^uj,)  which  signifies  'tapiMr.  The 
Aimmphere  was  so  named  by  the  Greeks,  as  being 
a  sphere  of  vapour;  and,  undoubtedly,  the  most 
general  and  important  of  the  phenomena  which 
take  place  in  the  air,  by  which  the  earth  is  sur- 
rounded, are  those  in  which  water,  of  one  con- 
sistence or  other  (ice.  water,  or  steam),  is  concerned. 
The  knowlcd.i^e  which  relates  to  what  takes  place 
in  the  atmosphere  has  been  called  A[eteoTolt>/j7f,  in 
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collective  form:  but  such  knowledge  is.  iu  fact, 
composed  of  parts  of  many  different  sciences.  And 
it  is  useful  for  our  purpose  to  consider  separately 
those  portions  of  Meteorology  which  have  reference 
to  the  laws  of  aqueous  vapour,  aud  these  we  may 
include  under  the  term  Atmologj'. 

The  instruments  which  have  been  invented  for 
the  purpose  of  measuring  the  moisture  of  the  air, 
that  is,  the  quantity  of  vapour  which  exists  in  it, 
have  been  termed  Mt^groineters ;  and  the  doctrines 
on  which  these  instruments  depend,  and  to  which 

»they  lead,  have  been  called  Hygrometrif ;  but  this 
term  has  not  been  used  in  quite  so  extensive  a 
hense  as  that  which  we  intend  to  affix  to  Aimology. 
In  treating  of  Themiotics,  we  shall  first  describe 
the  earlier  progress  of  men^s  views  concerning  Con- 
duction. Radiation,  and  the  Uke.  and  shall  then 
speak  of  the  more  recent  corrections  and  exten- 
sions, by  which  they  have  been  brought  nearer  to 
theoreticaf  generality. 


5241 


THERM  ones    PliOPEIL 


CHAPTER  L 
The  Doctuines  op  Conduction  anu  Radiation. 


Section.  1. — Introduction  of  the  Doctrine  qf  Con' 
duction. 

By  conduction  is  meant  the  propagation  of  heat 
from  one  part  to  another  of  a  continuous  body; 
or  from  one  bodv  to  another  in  contact  with  it;  as  i 
when  one  end  of  a  poker  stuck  in  the  fire  heats 
the   other  end,  or  when  this  end  heats  the  hand 
which  takes  hold  of  it.     li_y  rudiiitioti  is  meaul 
the  diffusion  of  heat  tVom  the  surface  of  a  body  to 
points  not  iu  contact.     It  is  clear  in  both  these  I 
coses,   that,   in  proportion  as  th&  hot  portion  is 
hotter,  it  produces  a  greater  eft'ect  in  warming  the 
cooler  portion;  that  is,  it  cominmiicates  inm-e  heat 
to  it,  if  heat  be  the  abstract  conception  of  which 
this  effect  is  the  measure.    The  simplest  rule  which 
can  be  proposed  Is,  that  the  beat  thus  communi- 
cated   in   a  given   instant  is   proportional  to   the 
excess  of  the  heat  of  tlie  hot  body  over  that  of  the 
contifjuous  bodies:  there  are  no  obvious  phenomena 
which  contradict  the  supposition  that  this  is  the 
true  law ;  and  it  was  thence  assumed  by  Newton  asJ 
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thu  true  law  for  radiiitioii,  and  by  utlier  writers  for 
conduction.  This  assumption  was  confirmed  ap- 
proximately, and  afterwards  corrected,  for  the  case 
of  radiation;  in  its  application  to  conduction*  it 
has  been  made  the  basis  of  calculation  up  to  the 
present  time.  We  may  observe  that  this  statement 
takes  for  granted  that  we  have  attained  to  a  mea- 
sure of  heat  (or  of  temperainre,  as  heat  thus 
measured  is  termed.)  corresponding  to  the  law  thus 
assumed  ;  and,  in  fact,  as  we  shall  have  occasion  to 
explain  in  speaking  of  the  medsures  of  sensible  qua- 
lities, the  thermometrical  scale  of  heat  according 
to  the  expansion  of  liquids,  (which  is  the  measure 
of  temperature  here  adopted.)  was  constructed  with 
a  reference  to  Newton's  law  of  radiation  of  heat; 
and  thus  the  law  ia  necessarily  consistent  with  the 
scale. 

In  any  case  in  which  the  parts  of  a  body  are 
unequally  hot,  the  temperature  will  vary  continu- 
ously in  passing  from  one  part  of  the  body  to 
another;  thus,  a  long  bar  of  iron,  of  which  one  end 
is  kept  red  hot,  will  exhibit  a  rfradmtl  diminution 
of  temperature  at  successive  points,  proceeding  to 
the  other  end.  The  law  of  temperature  of  the 
parts  of  such  a  bar  might  be  expressed  by  the 
ordinates  of  a  curte  which  should  run  alongside 
the  bar.  And.  in  order  to  trace  mathematically 
the  consequences  of  the  assumed  law,  some  of 
those  processes  would  bo  necessary,  by  which  ma- 
thematicians arc  enabled  to  deal  with  the  proper- 
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ties  of  curves,  as  the  method  of  infinitesimals,  or 
the  differential  calculus ;  and  the  truth  or  false- 
hood of  the  law  would  be  detennined,  according 
to  the  usual  rules  of  inductive  science,  by  a  com- 
parison of  results  so  deduced  from  the  principle, 
with  the  observed  phenomena. 

It  was  easily  perceived  that  this  comparison 
was  the  task  wliich  physical  inquirers  had  to  per- 
form ;  but  the  execution  of  it  was  delayed  for  some 
time ;  partly,  perhaps,  because  the  mathematical 
process  presented  some  difficulties.  Even  in  a  ease 
so  simple  as  that  above  mentioned,  of  a  linear  bar 
with  a  stationary  temperature  at  one  end,  paHiai 
dtjf^erenlmh  entered ;  for  there  were  three  variable 
quantities,  the  time,  as  well  as  the  place  of  each 
point  and  its  temperature.  And  at  first,  another 
scruple  occurred  to  M,  Biot  when,  about  1804, 
be  undertook  this  problem^  "A  diffieulty,"  says 
Laplace*,  in  1809,  "presents  itself,  which  has  not 
yet  been  solved.  The  quantities  of  heat  received 
and  communicated  in  an  instant  (by  any  point  of 
the  bar)  must  be  infinitely  small  quantities  of  the 
same  order  as  the  excess  of  the  heat  of  a  slice 
of  the  body  over  that  of  the  contiguous  slice ; 
therefore  the  &tcegs  of  the  heat  received  by  any 
slice  over  the  heat  communicated,  is  an  iiiliuitely 
small  quantity  of  the  second  order ;  and  the  accu- 
mulation  in  a  finite  time  (which  depends  un  this 

'    Biot,  Truiii-  lie  Phjjx.  iv.  p.  [5(i!l. 

-"  Lapliicc,  Mtm.  Jnxl.  fnr  IWlill,  y.  :i12- 
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eJieess)  cannot  be  finite."  I  conceive  that  this  diffi- 
culty arises  entirely  from  an  arbitrary  and  unne- 
cessary assumption  concerning  the  relations  of  the 
infinitesimal  partK  of  the  body.  Laplace  resolved 
the  difficulty  by  further  reasoning,  founded  upon 
the  same  assumptiou  which  occasioned  it;  but 
Fourier,  who  -was  the  most  distinguished  of  the 
cultivators  of  this  mathematical  doctrine  of  con- 
duction, follows  a  course  of  reasoning  in  which 
the  difficulty  does  not  present  itself.  Indeed  it  is 
stated  by  Laplace,  in  the  Memoir  above  quoted", 
that  Fourier  had  ab-eady  obtained  the  true  fun- 
damental equations  by  views  of  his  own. 

The  remaining  part  of  the  history  of  the  doc- 
trine of  conduction  is  principally  the  history  of 
Fouriers  labours.  Attention  having  been  drawn 
to  the  subject,  as  we  have  mentioned,  the  French 
Institute,  in  January,  1810,  proposed,  a.s  their  prize- 
question,  •■  To  give  the  mathematical  theory  of  the 
laws  of  the  propagation  of  heat,  and  to  compare 
this  theory  with  exact  observations."  Foui-ier's  Me- 
moir (the  sequel  of  one  delivered  in  1807.)  was 
sent  in  September,  1811 ;  and  the  pri^te  (300t) 
francs)  adjudged  to  it  In  1812.  In  consequence  of 
the  political  confusion  which  prevailed  in  France» 
or  of  other  causes,'these  important  Memoirs  were 
not  published  by  the  Academy  till  1824;  but  ex- 
tracts had  been  printed  in  the  BnUeiin  des  Scienr^s 
in  1808,  and  in  the  Anmih's  dc  Cliimie'm   181C; 

'  LapI[U!0,  Mhn,  Inst,  fur  IJHW,  [),  53a 
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arid  Poissun  and  M.  Caucb^  had  consulted  the  nu 
nuscript  itself. 

It   is  not  my  purpose  to  give,  in   this  placed 
an  account  of  the  analytical   processes  by  which 
Fourier  obtained  his  results,     Tht^  skill  displayed 
in  these  Memoirs  is  such  as  to  make  them  an  ob-l 
ject  of  just  admiration  to  mathcmaticiaDs ;  but  they  i 
consist  entirely  of  deductions  from  the  fundamental 
principle  which  I  have  noticed, — that  the  quantity 
of  heat  conducted  from  a  hotter  to  a  colder  point 
is  proportional  to  the  excess  of  heat,  modified  by' 
the  cotiditctivity.  or  conducting  power  of  each  sub- , 
stance.     The  equations  which  How  from  this  prin-l 
ciplc  assume  nearly  the  same  forms  as  those  which 
occur  in  the  most  general  problems  of  hydrodyna- 
mics.    Besides  Fourier's  solution,  Laplace,  Poisson, 
and  M.  Cauchy  have  also  exercised  thetr  great  ana- 
lytical skill  in  the  management  of  these  formula. 
We  shall  briefly  speak  of  the  comparison  of  the 
results  of  these  reasonings  with   experiment,   and 
notice  some  other  consequences  to  which  they  lead. 
But  before  we  can   do  this,  we  must   pay  some 
attention  to  the  subject  of  radiation. 


Sect.  2. — Introduction  (fthe  Doctrine  0/  Radintion. 

A  uoT  body,  as  a  mass  of  incandescent  iron,  emits 
heat,  as  we  perceive  by  our  senses  when  we  ap- 
proach it ;  and  by  this  emission  of  heat  the  hot 

'  I  \ia\v:  given  iin  n-ccuiint  of  Fourier's  nia-tlifumtical  rasults 
in  the  Rvjmrt  oft/if  Briiish  Axsocmlmn  fvr  183ij. 


CONDUCTION  AND    RADIATION. 


526 


body  cools  down.     Tlie  first  step  in  our  systematic 
knowledge  of  this  subject  was  made  in  the  Priv- 
eipia.     "  It  was  in  the  destiny  of  that  great  work," 
says  Fourier,  "  to  exhibit,  or  at  least,  to  indicate, 
the  cau&es  of  the  principal  phenomena  of  the  uni- 
verse."   Newton  assumed,  as  we  have  already  said, 
that  the  rate  at  which  a  body  cools,  that  is,  parts 
with  its  heat  to  surrounding  bodlGS,  is  proportional 
to  its  heat;  and  on  this  assumption  he  rested  the 
verification  of  his  scale  of  temperatures.     It  is  an 
easy  deduction  from  this  law,  that  if  times  of  cool- 
ing be  taken  in  arithmetical  progression,  the  heat 
will  decrease  in  geometrical  progression.     Kraft 
and  after  him  Richman.   tried  to  verify  this  law 
by  direct  experiments  on  the  cooling  of  vessels  of 
warm  water ;  and  from  these  experiments,  which 
have  since  been  repeated  by  others,  it  appears  that 
for  dift'erences  of  temperature  which  do  not  exceed 
50  degrees  (boiling  water  being  100),  this  geome- 
trical  progression  represents,  with  tolerable  (but 
not  with  complete)  accuracy,  the  process  of  cooling. 
This  principle  of  radiation,  like  that  of  conduc- 
tion, required  to  be  followed  out  by  mathematical 
reasoning.     But  it  required  also  to  be  corrected  in 
the  fir-st  place,  for  it  was  easily  seen  that  the  rate  of 
cooling  depended,  not  on  the  absolute  temperature 
of  the  body,  hut  on  the  excess  of  its  temperature 
above  the  surrounding  objects  to  which  it  com- 
raunicatcd  its  heat  in  cooling.     And  philosophers 
were  nat^irally  led  to  endeavour  to  explain  or  illus- 
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trate  this  process  by  some  physical  notions.    I-am- 
bert  in  1756  published'  an  Essap  on  the  Fo 
<}f  Hmi,  in  which  he  assimilatosthe  communicatiof 
of  heat  to  tht;  flow  of  a  fluid  out  of  one  vessel' 
intn  another  by  an  excess  of  pressure  ;  and  mathe- 
matically deduces  the  laws  of  the  process  on  this 
ground.     But  some   additional   facts  suggested  a 
different  view  of  this  subject.     It  was  found  tl: 
heat  is  propagated  by  radiation  according-  to  straight] 
lines,  like  light;  and  that  it  is,  as  light  is,  capable 
of  being  reflected  by  mirrors,  and   thus  brought 
to  a  focus  of  intenser  action.     In  this  manner  the 
radiative  effect  of  a  body  could  he  more  precisely! 
traced.    A  fact,  however,  came  under  notice,  which, 
at  first  sight,  appeared  to  offer  some  difficulty.     Iti 
appeared  that  cold  was  reflected  no  less  than  heAt. 
A  mass  of  ice,  when  its  effect  was  concentrated  on 
a  thermometer  by  a  system  of  mirrors,  made  the 
thermometer  fall,  just  as  a  vessel  of  hot  water  placed 
m  a  similar  situation  made  it  rise.    "Was  cold,  then,  i 
to  be  supposed  a  real  substance,  no  less  than  heat? 
The  solution  of  this  and  similar  difficulties  was  j 
given  by  Pierre  Prevost,  professor  at  Geneva,  whose 
theory  of  radiant  heat  was  proposed  about  1790. 
Aeeordmg  to  this  theory,  heat,  or  cai&Hc,  is  eon-' 
stantly  radiating  from  every  point  of  the  surface 
of  all  bodies  in  straight  lines;  and  it  radiates  the 
more  copiously,  the  greater  is  the  (juantity  of  heat 
which  the  body  contains.     Hence  a  constant  ex- 
*  AcL  HehfUmn.  li.  p.  172. 
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change  of  heat  is  going  on  among  neighbouring 
bodies ;  and  a  body  grows  hotter  or  colder,  accord- 
ingly as  it  receives  more  caloric  than  it  emits,  or 
the  contrary.  And  thus  a  body  is  c-uoled  by  recti- 
linear rays  from  a  cold  body,  because  along  these 
paths  it  sends  rays  of  heat  in  greater  abundance 
than  those  which  return  the  same  way.  This 
theofy  qf  exchaiiffes  is  simple  and  satisfactory,  and 
was  soott  generally  adopted;  but  we  must  consider 
it  rather  as  the  simplest  mode  of  expressing  the 
dependence  of  the  communication  of  heat  on  the 
excess  of  temperature,  than  as  a  propositiou  of 
which  the  physical  truth  is  clearly  established. 

A  number  of  curious  researches  on  the  effect  of 
the  different  kinds  of  surface  of  the  heating  and 
of  the  heated  body,  were  made  by  Leslie  and 
others.  On  these  1  shall  not  dwell ;  only  observ- 
ing, that  the  relative  amount  of  this  radiative  and 
receptive  energy  may  be  expressed  by  numbers, 
for  each  kind  of  surface ;  and  that  we  shall  have 
occasion  to  speak  of  it  under  the  term  exterior 
conduc.tm.tif;  it  is  thus  distinguished  from  interior 
conductlciti/,  which  is  the  relative  rate  at  which 
beat  is  conducted  iu  the  interior  of  bodies". 

*  The  term  employed  by  Fourier,  conduct HiHiti/  or  cimdnci- 
bility,  siiggeate  cxprtMssiona  altngetlier  absurd,  as  if  tlie  bodies 
could  bo  called  conduclihle,  or  condiicihle,  witli  luspect  tn  heat: 
I  have  ttiereforiH  vontiiR'd  upon  a.  sligtit  ultcnitiiin  of  tlie  word, 
and  hflvc  used  the  abstract  tcnn  which  analogy  would  Biiggcst,  if 
we  suppfmc  hfldies  to  be  dcnoTiiinatcd  fimduclive  in  this  rtesjKvt- 
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Ssrt.  3. —  VfiVfJication  of  the  Doctrines  of  Cimduc-\ 
lion  and  Itadiation, 

The  interior  and  exterior  conductivity  of  bodies  are] 
numbers,  which  enter  as  elements,  or  rneffin4'vt», 
into  the  mathematical  caleulations  founded  on  the 
doctrines  of  conduction  and  radiation.  These  co-j 
efficients  are  to  be  determined  for  each  case  by. 
appropriate  experiments;  when  the  experimenters 
had  obtained  these  data,  as  well  as  the  mathema- 
tieal  solutions  of  the  problems,  thej  could  test  the 
truth  of  their  fundamental  principles  by  a  com- 
parison of  the  theoretical  and  actual  results  in 
properly-selected  cases.  This  was  done  for  the  law 
of  conduction  in  the  simple  cases  of  metallic  bars 
heated  at  one  end.  by  M.  Biot",  and  the  accordance 
with  experiment  was  sufficiently  close.  In  the 
more  complex  cases  of  conduction  which  Fourier 
considered,  it  was  less  easy  to  devise  a  satisfactory 
mode  of  comparison.  But  some  rather  curious  re- 
lations which  he  demonstrated  to  exist  among  the 
temperatures  at  different  points  of  an  ■(intiille,  or 
ring,  aflbrded  a  good  criterion  of  the  value  of  the 
caleulations,  and  confirmed  their  correctness". 

We  may  therefore  presume  these  doctrines  of 
radiation  and  conduction  to  be  sufficiently  esta- 
blished; and  we  may  consider  their  application  to 

'  Tr.  He  Pluff.  iv.  f!?!. 

•  Mew.  Imf.  Iftl!!,  i^.  192,  iniblislird  Ifm, 
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any  remarkable  case  to  be  a  portion  of  the  Iiistorj 
of  science.     We  proeped  to  some  such  applications. 


S&'t  4, — TfiG  Geoloffiral  nnd  Cosmologiml  Appli- 
cation of  Therwotirs, 

By  far  the  most  important  case  to  which  conclu- 
sions from  these  doctrines  have  been  applied.  Is 
that  of  the  globe  of  the  earth,  and  of  those  laws 
of  climate  to  which  the  modifications  of  tempera- 
ture give  rise ;  and  in  this  way  we  are  led  to  infer- 
ences concerning  other  parts  of  the  universe.  If 
we  had  any  means  of  observing'  these  terrestrial 
and  cosmical  phenomena  to  a  sufficient  extent^  they 
would  be  valuable  facts  on  which  we  might  erect 
our  theories;  and  thns  form  part,  not  of  the  corol- 
laries, hut  of  the  foundations  of  our  doctrine  of 
heat.  In  such  a  case,  the  laws  of  the  propagation 
of  heat,  as  discovered  from  experiments  on  smaller 
bodies,  would  serve  to  explain  these  phenomena  of 
the  universe,  just  as  the  laws  of  motion  explain 
the  celestial  movement-s.  But  since  we  are  almost 
entirely  without  any  definite  indications,  of  the  con- 
dition of  the  other  bodie.<i  in  the  solar  system  as 
to  heat ;  and  since,  even  with  regard  to  the  earth. 
we  know  only  the  temperature  of  the  parts  at  or 
very  near  the  surface,  our  knowledge  of  the  part 
which  heat  plays  in  the  earth  and  the  heav'ens 
must  be  in  a  great  measure,  not  a  generalization 
of  observed  facts,  but  a  deduction  from  throretical 
VOL.  n.  M  M 
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principles.  Still,  such  knowledge,  whether  obtaineil 
from  observation  or  from  theory,  must  posseiis  groat 
interest  and  importance.  The  doctrines  of  this 
kind  which  we  have  to  notice  refer  principally  to 
the  effect  of  the  sun's  heat  on  the  earthy — the  laws 
of  climate, — the  thermotical  condition  of  the  in- 
terior of  the  earth, — and  that  of  the  planetary 
spaces. 

1.  Efect  0/  Solar  Heat  on  the  Earth.— Tha!t 
the  sun's  heat  passes  into  the  interior  of  the  earth 
in  a  variable  manner,  depending  upon  the  succes- 
sion of  days  and  nighty  summers  and  winters^  is 
an  obvious  consequence  of  our  first  notions  on  this 
subject.  The  mode  in  which  it  proceeds  into  the 
interior,  after  descending  below  the  surface,  re- 
mained to  be  gatheredj  either  from  the  phenomena. 
or  from  reasoning.  Both  methods  were  employed*. 
Saussure  endeavoiired  to  trace  its  course  by  digging, 
in  1785,  and  thus  found  that  at  the  depth  of  about 
thirty-one  feet,  the  annual  variation  of  temperature 
is  about  l-12th  what  it  is  at  the  surface.  Leslie 
adopted  a  better  method,  sinking  the  hutljs  of  ther- 
mometers deep  in  the  earth,  while  their  stems 
appeared  above  the  surface.  In  1815,  W,  and  17, 
he  observed  thus  the  temperatures  at  the  depths 
of  one,  two,  four,  and  eight  feet,  at  Abbotshall.  in 
Fifeshire.  The  results  showed  that  the  extreme 
annual  oscillations  of  the  temperature  diminish  as 
we  descend.     At  the  depth  of  one  foot,  the  yearly 

•  Lealte,  art.  CJimaie,  Supp.  Enc.  Brit.  1 79. 
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range  of  oscillation  was  twenty-five  degrees  (Fah- 
renheit); at  two  feet  it  was  twenty  degrees;  at 
four  feet  it  was  fifteen  degrees;  at  eight  feet,  it 
was  only  nine  degrees  and  a  half  And  the  time  at 
which  the  heat  was  greatest  was  later  and  later  in 
proceeding  to  the  lower  points.  At  one  foot,  the 
maximum  and  minimum  were  three  weeks  aAer 
the  solstice  of  summer  and  of  winter ;  at  two  feet, 
they  were  four  or  five  weeks;  at  four  feet,  they 
were  two  months;  and  at  eight  feet,  three  months. 
The  mean  temperatm-e  of  all  the  thermometers  was 
nearly  the  same.  Similar  results  were  obtained  by 
Ott  at  Zurich  in  1762,  and  by  Herreaschneider  at 
Strasburgin  1821,2,  3^ 

These  results  had  already  been  explained  by 
Fourier's  theory  of  conduction.  He  had  shown  ^' 
that  when  the  surface  of  a  sphere  is  affected  by  a 
periodical  heat,  certain  alternations  of  heat  travel 
uniformly  into  the  interior,  but  that  the  extent  of 
the  alternation  diminishes  in  geometrical  progres- 
sion in  this  descent.  This  conclusion  applies  to 
the  effect  of  days  and  years  on  the  temperature 
of  the  earth,  and  shows  that  such  facts  as  those 
observed  by  Leslie  are  both  exemplifications  of  the 
general  circumstances  of  the  earth,  and  are  per- 
fectly in  accordance  with  the  principles  on  which 
Fourier's  theory  rests. 

2.  Clijnate.— The  term  climate,  which   means 

'"  Prtuillft,  Mrl^ftrnl.  t  ii   y.  ftl.1. 
"  H^.  Inst,  for  1821  (publiahcd  I83ti),  p,  162. 
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inctmation,  was  ap]>Iiod  by  the  ancients  to  denote 
that  inclination  of  the  axis  of  the  terrestrial  sphere] 
from  which  result  the  inequalities  of  days  in  dif-j 
ferent  latitudes.  This  inequality  is  ohiFiously  con- 
nected also  with  a  difference  of  thermotieal  con- 
dition. Places  near  the  poles  are  colder,  on  the 
whole,  than  places  near  the  equator.  It  was  a] 
natural  object  of  eurbsity  to  determine  the  law 
this  variation. 

Such  a  determination,  howcTer,  iiivolves  many] 
difficulties,  and  the  settlement  of  several  prelii 
nary  points.     How  is  the  temperature  of  any  place] 
to  be  Gstimated?  and  if  we  reply,  by  its  mmn  tem- 
perature, how  are  we  to  learn  this  mean?     The] 
answers  to  such  questions  require  very  multiplied] 
observations,  exact  instruments,  and  judicious  gem 
ralizationg;  and  cannot  be  ji;iven  here.    But  certain' 
first  approximations  may  be  obtained  without  much , 
difficulty;  for  instance,  the  mean  temperature 
any  place  may  bo  taken  to  be  the  temperature 
deep  springs,  which  is  probably  identical  with  the 
temperature  of  the  soil  helow  the  reach  of  the  an- 
nual oscillations.     Proceeding  on  such  facts.  MayPFj 
found  that  the  mean  temperature  of  any  place  ws 
nearly  proportional  to  the  square  of  the  cosine  of 
the  latitude.     This,  as  a  law  of  phenomena,  hi 
since  been  found  to  require  considerable  correction;! 
and  it  appears  that  tho  mean  temperature  does  not' 
depend  on  the  latitude  alone,  hut  on  the  distribu- 
tion of  land  and  water,  and  on  other  causes.    M.  de 
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Humboldt  has  expressed  these  deviatious'*  by  his 
map  of  isothetmal  lines,  and  Sir  D.  Brewster  has 
endeavoured  to  reduce  them  to  a  law  by  assum- 
ing two  pok'S  of  vma-hmim  cold. 

The  expression  which  Fourier  finds'^  lor  the 
distribution  of  heat  in  a  homogeneous  sphere,  is 
not  immediately  comparable  with  Mayer's  empirical 
formula,  being  obtained  on  a  certain  hj'pothesis, 
namely,  that  the  equator  is  kept  constantly  at  a 
fixed  temperature.  But  there  is  still  a  general 
agreement;  for,  according  to  the  theory,  there  is 
a  diminution  of  heat  in  proceeding  from  the  equator 
to  the  poles  in  such  a  case ;  the  heat  is  propagated 
from  the  equator  and  the  neighbouring  parts,  and 
radiates  out  from  the  poles  into  the  surroundinEf 
space.  And  thus,  in  the  case  of  the  earth,  the  solar 
heat  enters  in  the  tropical  parts,  and  constantly 
flows  towards  the  polar  regions,  by  which  it  is 
emitted  into  the  planetary  spaces. 

Climate  is  affected  by  many  thermotic  influ- 
ences, besides  the  conduction  and  radiation  of 
the  solid  mass  of  the  earth.  The  atmosphere,  for 
example,  produces  upon  terrestrial  temperatures 
effects  which  it  is  easy  to  see  arc  very  great ;  but 
these  It  is  not  yet  in  the  power  of  calculation  to 
appreciate"  ;  and  it  is  clear  that  they  depend  upon 
other  properties  of  abr  besides  its  power  to  transmit 

"  British  Assoc.  1833.    Prof.  Forbea's  Report  on  Meteoro/og^, 
,v  215. 

"  Fouiior,  Mtm.  Intt.  Lom.  v,  p,  173-       "  Ii3.Uitn^  vii.  p.  584. 
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heat.    We  must  therefore  dismiss  them,  at  least  for 
the  present. 

3.  Temperature  i^tke  Ititerwr  of  the  Earth. — 
The  question  of  the  temperature  of  the  interior  of 
the  earth  has  excited  great  interest,  in  consequence 
of  its  bearing  on  other  branches  of  knowledge.  The 
various  facts  which  have  been  supposed  to  indicate 
the  fluidity  of  the  central  parts  of  the  terrestrial 
globe,  belong,  in  genera!,  to  geological  science ;  but 
so  far  as  they  roquiro  the  light  of  thermotical  cal- 
culations in  order  to  be  rightly  reasoned  upon,  they 
jiroperly  come  under  our  notice  here. 

The  principal  problem  of  this  kind  which  has 
been  treated  of  is  this : — If  in  the  globe  of  the  earth 
there  be  a  certain  original  heat,  resulting  from  its 
earlier  condition,  and  independent  of  the  action  of 
the  sun,  to  what  results  will  this  give  rise?  and 
how  far  do  the  observed  temperatures  of  points 
below  the  surface  lead  us  to  such  a  supposition  ?  It 
has,  for  instance,  been  asserted,  that  in  many  parts 
of  the  world  the  temperature,  as  observed  in  mines 
and  other  excavations,  increases  In  descending,  at 
the  rate  of  one  degree  .(centesimal)  in  about  forty 
yards.     What  inference  does  this  justiiy  ? 

The  answer  to  this  question  was  given  by  Fou- 
rier and  by  Laplace.  The  former  mathematician 
had  already  considered  the  problem  of  the  cooling 
of  a  large  sphere,  in  his  Memoirs  of  1807,  180&. 
and  1811.  These,  however,  lay  unpublished  in  the 
archives  of  the  Institute  for  many  years.     But  in 
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1820,  when  the  accumulation  of  observations  which 
indicated  an  Increase  of  the  temperature  of  the 
earth  as  we  descend,  had  drawn  observation  to  the 
subject,  Fourier  gave,  in  the  Bulletin  of  the  Philo- 
mathic  Society",  a  summary  of  his  results,  as  far  as 
they  bore  on  this  point.     His  conclusion  was,  that 
such  an   increase   of  temperature  in    proceeding 
towards  the  center  of  the  earth,  can  arise  Grora 
nothing  but  the  remains  of  a  primitive  heat; — that 
the  heat  which  the  sun's  action  would  communicate, 
would,  in  its  iinal  and  permanent  state,  be  uniform 
in  the  same  vertical  line,  as  soon  as  we  get  beyond 
the  influence  of  the  superficial  oscillations  of  which 
we  have  spoken ; — and  that,  before  the  distribution 
of  temperature  reaches  this  limit,  it  will  decrease, 
not  increase,  in  descending.    It  appeared  also,  by 
the  calculation,  that  this  remaining  existence  of  the 
primitive  heat  in  the  interior  parts  of  the  earth's 
mass,  was  quite  consistent  with  the  absence  of  all 
perceptible  traces  of  it  at  the  surface;  and  that  the 
same  state  of  things  which  produces  an  increase  of 
one  degree  of  heat  in  descending  forty  yards,  does 
not  make  the  surface  a  quarter  of  a  degree  hotter 
than  it  would  otherwise  be.     Fourier  was  led  also 
to  some  conclusions,  though  necessarily  very  vague 
ones,  respecting  the  time  which   the  earth  must 
have  taken  to  cool  from  a  supposed  original  state  of 
incandescence  to  its  present  condition,  which  time 
it  appeared  must  have  been  very  great;  and  respect- 

"  BtiUrl.  desSc.  IB2n,  p-fiB. 
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ing  the  extent  of  the  fiitiire  cooling  of  the  surface, 
which  it  was  shown  must  be  insensible.    Everything 
tended  to  prove  that,  within  the  period  which  the 
historj  of  the  human  race  embraces,  no  discoverable 
change  of  temperature  had  taken  place  from  the 
progress  of  this  central  cooling.     Laplace  further 
Calculated  the  effect'*  which  any  contraction  of  the 
globe  of  the  earth  by  cooling  would  produce  on 
the  length    of  the  day.     He  had  already   shown, 
by  astronomical  reasoning,  that  the  day  had  not 
become  shorter  by  l-200th  of  a  second,  since  the 
time  of  Ilipparchus ;  and  thus  his  inferences  agreed 
with   those   of  Fourier.     As  far  as   regards  the 
smallness  of  the  perceptible  eifect  due  to  the  past 
changes  of  the  earth's  temperature,  there  can  be  no 
doubt  that  all  the  curious  conclusions  just  stated 
arc  deduced  in  a  manner  quite  satisfactory,  from 
the  fact  of  a  general  increase  of  heat  in  descending 
below  the  surface  of  the  earth ;  and  thus  our  prin- 
ciples of  speculative  science  have  a  beariug  upon 
the  history  of  the  past  changes  of  the  universe,  and 
give  us  information  concerning  the  state  of  things  in 
portions  of  time  otherwise  quite  out  of  our  reach. 

4,  Heat  qf  the  Planetary  Spams. — In  the  same 
manner,  this  portion  of  science  is  appealed  to  for 
information  concerning  parts  of  space  which  are 
utterly  inaccessible  to  obsen'ation.  The  doctrine  of 
heat  leads  to  conclusions  concerning  the  tempera^ 
tures  of  the  spaces  which  surround  the  earth,  and  in 
"^  CoJirt.  del  Tmi,  1823. 
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which  the  planets  of  the  solar  system  revolve.  In 
his  Memoir,  published  in  1827 '\  Fourier  states  that 
he  conceives  it  to  follow  from  his  principles,  that 
these  planetary  spaces  are  not  absolutely  cold,  but 
have  a  "proper  heat"  independent  of  the  sun  and  of 
the  ])!anets.  If  there  were  not  such  a  heat,  the  cold 
of  the  polar  rcg;ions  would  be  much  more  intense 
than  it  is,  and  the  alternations  of  cold  and  warmth, 
arisiug  from  the  influence  of  the  sun,  would  be  far 
more  extreme  and  sudden  than  we  find  them.  As 
the  cause  of  this  heat  in  the  planetary  spaces,  he 
assigns  the  radiation  of  the  innumerable  stars  which 
are  scattered  through  the  universe. 

Fourier  says".  "We  conclude  from  these  various 
remarks,  and  principally  from  the  mathematical 
examination  of  the  question,"  that  this  is  so.  1  am 
not  aware  that  the  mathematical!  calculation  which 
bears  peculiarly  upon  this  pouit  has  anywhere  been 
published.  But  it  is  worth  notice,  that  Svanberg 
has  been  led^'  to  the  opinion  of  the  same  tempera- 
ture in  these  spaces  which  Fourier  had  adopted  {&0 
ceutigrade  below  zero),  by  an  entirely  different 
course  of  reasoning,  founded  on  the  relation  of  the 
atmot^phcrc  to  heat. 

In  speaking  of  this  subject,  I  have  been  led  to 
notice  incomplete  and  perhaps  doubtful  applica- 
tions of  the  mathematical  doctrine  of  conduction 
and  radiation.    But  these  may  at  least  serve  to  show 


"   Mim.  I»M.  torn.  vii.  p.  TiltO. 
"  BtrKL-1.  Jaitrcti  Beikht,  xi  p.  iO. 
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that  Thepmotics  is  a  science,  which,  like  Mechatiies, 
is  to  be  established  by  experiments  ou  masses  capa- 
ble of  manipulation,  but  which,  like  that,  has  for  its 
most  important  office  the  solution  of  geological  and 
cosmological  problems.  I  now  return  to  the  further 
progress  of  our  thermotical  knowledge. 


Sect.  5. — Correction  of  N&wton's  Law  of  Coding. 

In  speaking  of  the  establishment  of  Newton's  as- 
sumption, that  the  temperature  commuuicated  is 
proportional  to  the  excess  of  temperature,  we  stated 
that  it  was  approxiraatelj"  verifiedj  and  afterwards , 
corrected,  (p,  520.)     This  correction  was  the  result ; 
of  the  researches  of  MM.  Dulong  and  Petit  m  1817. 
and  the  researches  by  which  they  were  led  to  the 
true  law,  are  an  admirable  example  hotii  of  labor- 
ious  experiment   and    sagacious   induction.     Theji 
experimented  through  a  very  great  range  of  tern-- 
perature,  (as  high  as  two  hundred  and  forty  degrees,  | 
centigrade,)  which  was  necessary,  because  the  inac- 
curacy of  New*ton's  law  l)ecomes  considerable  only 
at  high  temperatures.     They  removed  the  effect  of 
the  surrounding  medium,  by  making  their  experi-: 
ments  in  a  vacuum.   They  selected  with  great  judg- 1 
ment  the  conditions  of  their  experiments  and  com- 
parisons, making  one  quantity  vary  while  the  othere 
remained  constant.    In  this  manner  they  found,  that 
the  qmckness  of  cooling  for  a  ronstotU  crress  if 
tettipernluret  increases  in  ffeomeirical  fo'offjvssiotk 
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when  the  temperature  of  the  surrmmding  space 
increases  in  arithmetical  progressitm  ;  whereas,  ac- 
cording to  the  Newtonian  law,  this  quickness  would 
not  have  varied  at  all.  Again,  this  variation  being 
left  out  of  the  account,  it  appeared  that  the  quick- 
ness qfc<Hjling,  so/ar  as  it  diq>ends  on  tke  excMS  of 
temperatnrfi  of  the  hot  body,  increases  as  the  terms 
of  a  geometrical  progression  diminished  tip  a  cm.- 
stant  fiwnher,  teJten  the  temperature  of  the  hot  body 
increases  in  arithmetical  progression.  These  two 
laws,  with  the  coefficients  requisite  for  their  appli- 
cation to  particular  substances,  fully  determine  the 
conditions  of  cooling  in  a  vacuum. 

Starting  from  this  determination,  MM.  Dulong 
and  Petit  proceeded  to  ascertain  the  effect  of  the 
medium,  in  which  the  hot  body  is  placed,  upon  its 
rate  of  cooling;  for  this  effect  became  a  residual 
phmonumoii-"'.  when  the  cooling  in  the  vacuum  was 
taken  away.  We  shall  not  here  follow  this  train  of 
research ;  but  we  may  briefly  state,  that  they  were 
led  to  such  laws  as  this; — that  the  rapidity  of  cool- 
ing due  to  any  gaseous  medium  in  which  the  body 
is  placed,  is  the  same,  so  long  as  the  excess  of  the 
body's  temperature  is  the  same,  although  the  tem- 
perature itself  vary; — that  the  cooling  power  of  a 
gas  varies  with  the  elasticity,  according  to  a  deter- 
mined law;  and  other  similar  rules. 

In  reference  to  the  process  of  their  induction, 
it  is  worthy  of  notice,  that  tiiey  founded  their  rca- 
"  Sec  rhil  hi/f   .VcifBcrr,  B.  xii!.  c.  7-  Sort  i>, 
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soilings  upon  Prevost's  law  of  exchanges;  and  that, 
in  this  way,  the  second  of  their  laws  above  stated,  ^ 
respecting  the  quickness  of  cooling,  was  a  mathe- 
matical consequence  of  the  first.  It  may  be  ob- 
served ako,  that  their  temperatures  are  measured 
by  means  of  the  air-thermometer,  and  that  if  they 
were  estimated  on  another  scale,  the  remarkahk 
simplicity  and  symmetry  of  their  results  would  dis-  i 
appear.  This  is  a  strong  argument  for  believing 
such  a  measure  of  temperature  to  have  a  natural 
prerogative  of  simplicity.  This  belief  is  coutirmed 
by  other  considerations ;  but  these,  depending  on 
the  laws  of  expansion  by  heat,  cannot  be  here  re- 
ferred to ;  and  we  must  proceed  to  finish  our  sur>'ey 
of  the  mathematical  theory  of  heat,  as  founded  on  the 
phenomena  of  radiation  and  conduction,  which  alone 
have  as  yet  been  traced  up  to  general  principles. 

We  may  observe,  before  we  quit  this  subject, 
that  this  correction  of  Newton's  law  will  materially 
affect  the  mathematical  calculations  on  the  sub- 
ject, which  were  made  to  depend  on  that  law  both 
by  Fourier,  Laplace,  and  Poisson.  Probably,  how- 
ever, the  general  features  of  the  results  will  be 
the  same  as  on  the  old  supposition.  M.  Libri,  an 
Italian  matiiematician,  has  undertaken  one  of  the 
problems  of  this  kind,  that  of  the  armil,  with 
Duloiig  and  Petit's  law  for  his  basis,  in  a  Memoir 
read  to  the  Institute  of  France  in  182a,  and  since 
published  at  I'lorcnce". 

"  Mem.  lie  Math,  vl  tit-  Phifs.  I«29. 
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Sect,  6. — Olhii?'  Lairs  of  Phmmnma  with  re^ppft 
Ui  Radiation. 

The  laws  of  radiation  as  depending  upon  the  sur- 
face of  radiating  bodies,  and  as  afTecting  screens 
of  various  kinds  interposed  between  the  hot  body 
and  the  thermometer,  were  examined  by  several 
inquirers.  I  shall  not  attempt  to  give  an  account 
of  the  latter  course  of  research,  and  of  the  different 
laws  which  luminous  and  non-luminous  heat  have 
been  found  to  follow  in  reference  to  bodies,  whether 
transparent  or  opaque,  which  intercept  theni.  But 
there  are  two  or  three  laws  of  the  phenomena,  on 
the  subject  of  the  effects  of  the  surfaces  of  bodies, 
which  are  important. 

1.  In  the  first  place,  the  powers  of  bodies  to 
emit  and  to  absorb  heat,  as  far  as  depends  upon 
their  surface,  appear  to  be  in  the  same  propor- 
tion. If  we  blacken  the  surface  of  a  canister  of 
hot  water,  it  radiates  heat  more  copiously,  and  in 
the  Same  measure,  it  is  more  readily  heated  bv 
radiation. 

2.  In  the  next  place,  as  the  radiative  power  in- 
cre^es,  the  power  of  reflection  diminishes,  and 
the  contrary.  A  bright  metal  vessel  reflects  much 
heat;  on  this  very  account  it  does  not  emit  much  ; 
attd  hence  a  hot  fluid  which  such  a  vessel  con- 
tains, remains  hot  longer  than   it  does  in  an  un- 

L     polished  case. 

L  3.    The  heat  is  emitted  from  every  point  of  the 


I 
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surface  of  a  hot  bodj  in  all  dircctioDs;  but  hy  no 
means  in  all  directions  with  equal  iuten&itj.     The  J 
intensity  of  the  heating  ray  is  as  the  sine  of  the 
angle  which  it  makes  with  the  surface. 

The  last  law  is  entirely,  the  two  former  in  a 
great  measure,  due  to  the  researches  of  Leslie, 
whose  Experimental  Inquiry  into  the  Nature  and 
Propagation  of  that,  published  in  1804,  contains 
a  great  number  of  curious  and  striking  results  and 
speculations.  The  laws  now  just  stated  bear,  in  a 
very  important  manner,  upon  the  formation  of  the 
theory ;  and  wc  must  now  proceed  to  consider  what 
ajjpears  to  have  been  done  in  this  respect ;  takmg 
into  account^  it  must  still  be  borne  in  mind,  only 
the  phenomena  of  eonrluetion  and  radiation. 


jS^.  7. — Fmmer's  Thenry  of  Radiant  Heat. 

The  above  laws  nf  phenomena  being  established. 
it  was  natural  that  philosophers  should  seek  to 
acquire  some  conception  of  the  physical  action  by 
which  they  might  account,  both  for  these  laws,  and 
for  the  general  fundamental  facts  of  Tliermotics; 
S&,  for  instance,  the  fact  that  alt  bodies  placed  in 
an  inclosed  space  assume,  in  time,  the  temperature 
of  the  incloBure.  Fourier  s  explanation  of  this  class 
of  phenomena  must  be  considered  as  happy  and 
successful ;  for  he  has  shown  that  the  supposition 
to  which  we  are  led  by  the  most  simple  and  general 
of  the  facts,  will  explain,  moreover,  the  less  obvioua ' 
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laws.  ]t  is  jin  obvious  and  general  fact,  that  bodies 
which  are  included  in  the  sauie  space  tend  to  ac- 
quire the  same  temperature.  And  this  identity  of 
temperature  of  neighbouring  bodies  requires  an 
hypothesis,  which,  it  is  found,  also  accounts  for 
Leslie's  law  of  the  sine  in  radiation. 

Tills  hypothesis  is,  that  the  radiation  takes  place, 
not  from  the  surface  alone  of  the  hot  body,  but 
from  all  particles  situated  within  a  certain  small 
depth  of  the  surface.  It  is  easy  to  see"  that,  on 
this  supposition,  a  ray  emitted  obliquely  from  an 
internal  particle,  will  be  less  intense  than  one  sent 
forth  pependicular  to  the  surface,  because  the  for- 
mer will  Ibe  intercepted  in  a  greater  degree,  having 
a  greater  length  of  path  within  the  body;  and 
Fourier  shows,  that  whatever  be  the  law  of  this 
intercepting  power,  the  result  will  be,  that  the 
radiative  intensity  is  as  the  sine  of  the  angle  made 
by  the  ray  with  the  surface. 

But  this  law  is,  as  I  have  said,  likewise  neces- 
sary, in  order  that  neighbouring  bodies  may  tend 
to  assume  the  same  temperature :  for  instance,  in 
order  that  a  small  particle  placed  within  a  spherical 
shell,  should  finally  assume  the  temperature  of  the 
shell.  K  the  law  of  the  sines  did  not  obtain,  the 
final  temperature  of  such  a  particle  would  depend 
upon  its  place  in  the  inelosure" :  and  within  a 
shell  of  ice  we  should  have,  at  certain  points,  the 
temperature  of  boiling  water  and  of  melting  iron, 
"  A/m.  InM.  t.  V.  1821,  j..  2(M.         ''  An.  CAim.  iv.  1817,  F-  129. 
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This   proposition   miiy   at   lirst  appear  strati; 
and  unlikely ;  but  it  may  be  shown  to  be  a  neee; 
sary  consequence  of  the  assumed  principle,  by  very 
simple  reasoning,  which  I  shall  give  in  a  general 
form  in  a  note". 

This  reasoning  is  capable  oi"  being'  presented  in 
a  manner  quite  satisfactory,  by  the  use  of  raathe- 
matical  symbols,  and  proves  that  Leslie's  law 
the  sines  is  rigorously  and  mathematically  true 
Fourier's  hypothesis.     And  tlius  Fourier's  theory 

"  Tlic  folIowinjT  reasonirg  may  eliovf  the  coiineiion  of  thai 
law  of  the  sines  in  nuliant  ticat  with  the  jfcneral  priiiHpSe  nf  J 
iiltinia,tp  identity  of  nciglilnoiiring  tenip«ratufC3.  The  equUi- 
briuni  and  identity  of  temperature,  between  an  including  »h>e]I  and 
^a  included  Ijody,  cannot  obtain  upon  the  whole,  except  it  obtain 
lx:tween  each  pftir  of  parts  of  the  two  suifacce  of  the  hndy  and 
of  tlie  Hhell  1  thikt  i&,  any  part  of  tho  ono  surface,  in  Us  exchangts 
with  any  part  of  the  other  mirlace,  miifit  give  and  receive  the 
flnitif  quantity  of  heat.  Now  the  quantity  exclians^cd,  sn  far  u 
it  depends  on  tlie  receiving  surface,  will,  by  geometrj',  lie  pro- 
portional to  the  eine  of  the  obliquity  of  that  s^Lrfacc;  and  as,  in 
the  e:«changee,  each  may  be  considered  aa  receiving,  the  quBn- 
tity  trflnsferred  must  be  propottionul  to  the  sines  of  the  two 
oWiqnities;  that  is,  to  that  nf  the  jjivingas  well  ns  of  th<?  rwsMvin-^ 

XoT  IB  this  conchi<iioii  disturbed  by  th«  considertittan,  that  HI 
the  mys  o(  heat  which  fall  upon  a  surface  are  not  ahsorlwd,  some 
b«in^  reflected  according  to  tlio  nature  of  the  surface.  For,  by 
the  other  nbove-mentioned  Iawh  of  phonomena,  wk  know  thftt, 
in  the  aame  measure  in  which  the  aurfaee  luaes  the  powiT  of 
admitting,  it  loses  the  power  of  emitting,  heat ;  and  thii  super- 
ficial pn-rts  gain,  by  absorbing  their  own  radiation,  as  much  as 
they  lo^  by  not  absorbing  ih&  incident  h^at ;  so  that  the  mnit 
of  the  prpwding  reasoning  reiiiainB  unaltered. 
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of  molecular  extra-radiation  acquires  great  con- 
sistency. 

Sect.  8. — Discotery  of  the  Polarization  qf  Heat. 

The  laws  of  which  the  discovery  is  stated  in  the 
preceding  Sections  of  this  Chapter,  and  the  expla- 
nations given  of  them  by  the  theories  of  conduction 
and  radiation,  all  tended  to  make  the  conception 
of  a  material  heat,  or  cahric,  communicated  by  an 
actual  flow  and  emission,  familiar  to  men's  minds ; 
and,  till  lately,  had  led  the  greater  part  of  thermo- 
tical  philosophers  to  entertain  such  a  view,  as  the 
most   probable  opinion   concerning  the  nature   of 
heat.     But  some  steps  have  recently  been  made 
in  thermotics,  which  appear  to  be  likely  to  over- 
turn this  belief,  and  to  make  the  doctrine  of  emis- 
sion as  untenable  with  regard  to  heat,  as  it  had 
before  been  found  to  be  with  regard  to  light.     I 
speak  of  the  discovery  of  the  polarization  of  heat. 
It  being  ascertained  that  rays  of  heat  are  polarized 
in  the  same   manner  as  rays  of  light,  we  cannot 
retain  the  doctrine  that  heat  radiates  by  the  ema- 
nation   of  material    particles,    without    supposing 
those  particles  of  caloric  to  have  poles ;  an  hypo- 
thesis which  probably  no  one  would  embrace  ;  for^ 
besides  that  its  ill  fortune  in  the  case  of  light  must 
deter  speculators  from  it,  the  intimate  connexion 
of  heat  and  light  would  hardly  allow  us  to  sup- 
pose polarizfition  in  the  two  cases  to  be  produced 
by  two  different  kinds  of  machinery. 


VOL.  n. 
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But,  without  here  tracing  further  the  influence 
which  a   knowledge   of  the   polg-rization   of  heat 
must  exercise  upon  the  formation  of  our  theories,] 
we  must  briefly  notice  this  important  discovery, 
a  law  of  phenomena. 

The  analogies  and  connexions  between  light  and.] 
heat  are  so  strong,  that  wlien  the  polaTizatiou 
light  had  been  discovered,  men  were  naturally  led 
to  endeavour  to  ascertain  whether  heat  possessed 
any  corresponding  property.  But  partly  from  the 
difficulty  of  obtaining  any  considerable  effect  of  heat 
separated  from  light,  and  partly  from  the  want  of 
a  thermo metrical  apparatus  sufficiently  delicate, 
those  attempts  led,  for  some  time,  to  no  deeisivfl 
result.  M.  Berard  took  up  the  subject  in  I813J 
He  used  Malus's  apparatus,  and  conceived  that  he 
found  heat  to  be  polarized  by  reflection  at  the  sur- 
face of  glass,  in  the  same  manner  as  light,  and  with 
the  same  eireumstances''.  But  when  Professor 
Powellj  of  Oxford,  a  few  years  later  (1830),  repeated 
these  experiments  with  a  similar  apparatus,  he 
found"  that  though  the  heat  which  is  conveyed 
along  with  light  is,  of  course,  polarizable,  "simple 
radiant  heat,"  as  he  terms  it,  did  not  offer  the 
smallest  difterence  in  the  two  rectangular  azimuths 
of  the  second  glass,  and  thus  showed  no  trace 
polarization. 

Thus,  with  the  old  thermometers,  the  point 

«  Edif,  Joiirn.  ofSrience,  Itt30,  vol.  ii.  p,:«)3. 
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mained  doubtful.  But  soon  after  this  time,  MM. 
Mclloiii  and  Nobili  invented  an  apparatus,  depend- 
ing on  certain  galvanic  laws,  of  which  we  shall 
ive  to  speak  hereafter,  which  they  called  a  tfjer- 
Tnowulttpliei' ;  and  which  was  much  more  sensitive 
to  changes  of  tGnipcraturG  than  any  previously- 
known  instrument.  Yet  even  with  this  instrument, 
M.  Mclloni  failed,  and  did  not  at  first,  detect  any 
perceptible  polarization  of  heat  by  the  tourmaline"; 
nor  did  M.  Nobili",  in  repeating:  M.  Berard's  ex- 
periment. But  in  this  experiment  the  attempt  was 
made  to  polarize  heat  by  reflection  from  glass,  as 
light  is  polarized ;  and  the  quantity  reflected  is  so 
small  that  the  inevitable  errours  might  completely 
disguise  the  whole  difference  in  the  two  opposite 
positions.  When  Prof.  Forbes,  of  Ediuburgh,  (in 
1834)  employed  mica  in  the  like  experiments,  he 
found  a  very  decided  polarizing  eflect ;  first,  when 
the  heat  was  transmitted  through  several  films  of 
mica  at  a  certain  angle,  and  afterwards,  when  it  was 
reflected  from  them.  In  this  case,  he  found  that  with 
non-luminous  heat,  and  even  with  the  heat  of  water 
below  the  boiling  point,  the  dittbrence  of  the  heating 
power  in  the  two  positions  of  opposite  polarity  (pa- 
rallel and  frrosscd)  was  manifest.  He  also  detected 
by  carefiil  experiments**,  the  polarizing  effect  of 
tourmaline.    This  important  discovery  was  soon  con- 

"  Anv,  de  Chimit,  vol.  It.  "  Bibliolkeque  UniverseUf. 

■  F*/.  R.  S.  Traiuactioni,  vol.  xiv.  ;    and  Phil.  Man    l^'». 
vol.  vi.  p  ■2i)&.      Ih   vol.vii,  p.  .14B. 
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firmed  by  M.  Melloni.  Doubts  were  suggested  whe- 
ther the  different  elTect  in  the  opposite  positions ' 
might  not  be  due  to  other  circumstances;  but  Pro-' 
fessor  Forbes  easily  showed  that  these  suppositions 
were  inadmissible ;  and  the  property  of  a  difference 
of  sides,  which  at  first  seemed  so  strange  when 
ascribed  to  the  rays  of  light,  also  belongs,  it  seems  to 
be  proved,  to  the  rays  of  beat.  Professor  Forbes  also 
found,  by  interposing  a  plate  of  mica  to  interc-ept 
the  ray  of  heat  in  an  intermediate  point,  an  effect 
was  produced  in  certain  positions  of  the  mica  ana- 
logous to  what  was  called  depol-aT^ization  in  the 
case  of  light;  namely,  a  partial  destruction  of  the 
differences  which  polarization  establishes. 

Before  this  discovery.  M,  Melloni  had  already 
proved  by  experiment  that  heat  is  refracted  by 
transparent  substances  as  light  is.  In  the  ease  of 
light,  the  depolarizing  effect  was  afterwards  found 
to  be  really,  as  we  have  seen,  a  dipolarizing  effect, 
the  ray  beiug  divided  into  two  rays  by  doulle  r&-! 
Jraction.  We  are  naturally  much  tempted  to  put 
the  same  interpretation  upon  the  depolarizing  effect 
in  the  ease  of  heat ;  but  perhaps  the  assertion  of 
the  analogy  between  light  and  heat  to  this  exteAt, 
is  insecure. 

It  is  the  more  necessary  to  be  cautious  in  our' 
attempt  to  identify  the  laws  of  light  and   heat, 
inasmuch  as  along  with  all  the  resemblances  of  the 
two  agents*  there  are  very  important  differences. 
The  power  of  transmitting  light,  the  diuphaneity 


C'ONDUCTiON  AND  RADIATION. 


&49 


of  bodies,  is  very  distinct  from  their  power  of  trans- 
mittiog  heat,  which  has  been  called  diathermancy 
by  M.  Melloni.  Thus  both  a  plate  of  alum  and 
a  plate  of  rock-salt  transmit  oearly  the  whole  light: 
but  while  the  first  stops  nearly  the  whole  heat,  the 
second  stops  very  Httb  of  it ;  and  a  plate  of  opake 
quartz,  nearly  impenetrable  by  light,  allows  a  large 
portion  of  the  heat  to  pass.  By  passing  the  rays 
through  various  media,  the  heat  may  be,  as  it  were 
id/ted  from  the  light  which  accompanies  it  {pa). 

Moreover,  besides  the  laws  of  conduction  and 
radiations  many  other  laws  of  the  phenomena  of 
heat  have  been  discovered  by  philosophers ;  and 
these  must  be  taken  into  account  in  judging  any 
theory  of  heat.  To  these  other  laws  we  rau&t  now 
turn  our  attention. 
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The  Laws  of  Changes  occasioned  by  [Ieat. 


Sect.  1. — Expansion  hy  Heat. — The  Laic  0/  Dalteit 
and  Ga^-LusMC  for  Gaus. 

ALMOST  all  bodies  expand  by  heat ;   soIhIs,  as 
metals,  in  a  small  degree ;  fluids,  fUi  water,  oil, 
alcohol,  mercxiry,  in  a  greater  dejfree.     This  was 
one  of  the  facts  first  examined  bj  those  who  studied 
the  nature  of  heat,  because  this  property  was  used 
for  the  measure  of  heat.     In  the  PkUowphy  of  Ihe 
J nduriim Sciences^  Book  iv.,  Chap,  ir,,  I  have  stated. 
that  secondary   qualities,   such   as   Heat,   must  be 
measured   by  their  effects:  and  in  Sect.  4.  of  that] 
Chapter  I  have  given  an  account  of  the  suecessive 
attempts  which  have  been  made  to  obtain  measureis 
of  heat.     I  have  there  also  spoken  of  the  results 
wlilch   were    obtained    by  comparing   the    rate   at] 
which  the  expansion  of  different  substances  went  on] 
under  the  same  degrees  of  heat;  or  as  it  was  called,, 
the  different  tfiennometricai  march   of  each   sub-, 
stance.     Mercury  appears  to  be  the  liquid  which  is] 
most  uniibrm  in  its  thermometrical  march ;  and  hasj 
been  taken  as  the  most  common  material  of  oui 
thermometers;  but  the  expansion  of  mercury  is  not 
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jiroportional  to  the  heat.  De  Luc  was  led,  by  his 
experiments,  to  conclude  "that  the  dilatations  of 
luereury  follow  an  accelerated  inarch  for  equal 
augmentations  of  heat."  Dalton  conjectured  that 
water  and  mercury  both  expand  as  the  square  of 
the  real  temperature  from  the  point  of  greatest 
t'otitraetion :  the  real  temperature  being  measured 
su  as  to  lead  to  such  a  result.  But  none  of  the 
rules  thus  laid  down  for  the  expansion  of  solids 
and  fluids  appear  to  have  led.  as  yet,  to  any 
certain  general  laws. 

With  regard  to  gases,  thermotical  enquirers  have 
been  more  successful.  Gases  expand  by  heat ;  and 
their  expansion  is  governed  by  a  law  which  applies 
alike  to  all  degrees  of  heat,  and  to  all  gaseous 
fluids.  The  law  is  this:  ihat/or  equal  incrern^tts 
of  teiitpm-ature  they  e^tpavd  by  the  same  fraction  of 
their  onn  hulk ;  which  fraction  is  ihree-eUjhtks  in 
proceeding  from  freezing  to  boiling  water.  This 
law  was  discovered  by  Dalton  and  M.  Gay-Lussac 
independently  of  each  other' ;  and  is  usually  called 
by  both  their  names,  the  hie  of  Dalton  and  Gay- 
Lussarj.  The  latter  says',  "The  experiments  which 
I  have  described,  and  which  have  been  made  with 
great  care,  prove  incontestibly  that  oxygeUj  hydro- 
gen, azotic^  nitrous  acid,  aramoniacal,  muriatic  aeid, 
sulphurous  acid,  carbonic  aeid,  gases>  expand  equally 
by  equal  increments  of  heat."  "Therefore,"  he  adds 
with  a  proper  inductive  generalization,  "the  result 

Mancii.  Mem,  vol.  v,  1802 :    and  Ann.  Chim.  jliii.  p.  137- 
lb.  p.  272. 
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does  not  depend  upon  physical  properties,  and  1 
collect  that  all  gases  expand  eqttaUy  by  heat."  He 
then  extends  this  to  vapours,  as  ether.  This  must 
be  one  of  the  most  important  foundation-stones  of 
any  sound  theory  of  heat  (qa). 

We  have  already  seen  that  the  opinion  that 
the  air-thermometer  is  a  true  measure  of  heat,  is 
strongly  conntenaiieed  by  the  symmetry  which,  by 
using  it.  we  introduce  into  the  laws  of  radiation.  It 
now  appears  that  this  result  is  independent  of  any 
peculiar  properties  in  the  air  employed;  and  thus 
this  measure  has  an  additional  character  of  gene- 
rality  and  simplicity  which  make  it  still  more  pro-i 
bable  that  it  is  the  true  standard.  This  opinion  is 
further  supported  by  the  attempts  to  include  such 
facts  in  a  theory;  but  before  we  can  treat  of  such 
theories,  we  must  speak  of  some  other  doctrines 
which  have  been  introduced. 


SecL  2. — Specific  Heat. — Change  ^Consistence. 

In  the  attempts  to  obtain  measures  of  heat,  it  was] 
found  that  bodies  had  ditlerent  capacities  for  heat;i 
for  the  same  quantity  of  heat,  however  measured,' 
would  raise,  in  different  degrees,  the  temperature 
of  different  substances.     The    notion   of  ditfereoti 
capacities  for  heat  was  thus  introduced,  and  each 
body  was  thus  assumed  to  have  a  specific  capacity^ 
for  heat,  according;  to  the  quantity  of  heat  which  it] 
required  to  raise  it  through  a  given  scale  of  Iioat'.j 

■  See  Crawfiird,  On  Heal ;  foi  the  Hiatory  of  Specific  Heat. 
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The  term  "capacity  for  heat"  was  introdaced  by 
Dr,  Irvine,  a  pupil  of  Dr.  Black,  For  this  term, 
Wilcke,  the  Swedish  physicist,  substituted  "  specific 
heat;"  in  analogy  with  "specific  gravity." 

It  was  found,  also,  that  the  capacity  of  the  same 
substance  was  diflferent  in  the  same  substance  at 
different  temperatiu-es.  It  appears  from  experi- 
ments of  MM.  Dulong  and  Petit,  that^  in  general, 
the  capacity  of  liquids  and  solids  increases  as  we 
ascend  in  the  scale  of  temperature. 

But  one  of  th<>  most  important  thermotie  facts 
is,  that  by  the  sudden  contraction  of  any  mass,  its 
temperature  is  increased.  Thts  is  peculiarly  observ- 
able in  gases,  as,  for  example,  common  air.  The 
amount  of  the  increase  of  temperature  by  sudden 
condensation,  or  of  the  cold  produced  by  sudden 
rarefaction,  is  an  important  datum,  determining  the 
velocity  of  sound,  as  we  have  ah-eady  seen,  and 
aifecting  many  points  of  meteorology.  The  coeffi- 
cient which  enters  the  calculation  in  the  former 
case  depends  on  the  ratio  of  two  specific  heats  of 
air  under  different  conditions ;  one  belonging  to  it 
when  the  pressure  is  constant  by  which  the  air  is 
contained ;  the  other,  when  it  is  contained  io  u 
constant  space, 

A  leading  fact,  also,  with  regard  to  the  opera- 
tion of  heat  on  bodies  is,  that  it  changes  theiry(>rt»;. 
as  it  is  often  called,  that  is,  their  condition  as  solid, 
lifjuid.  or  air.  Since  the  term  "form"  is  employed 
in  too  many  and  various  senses  to  be  immediately 
understood  when  it  is  intended  to  convey  this  pe- 
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culiar  meaning,  I  shall  use,  insteaii  of  it,  the  terra 
consistence,  and  shall  hope  to  be  excused,  even 
when  I  apply  this  word  to  gases,  though  I  mujst 
acknowledge  such  phraseology  to  be  unusual.  Thus 
there  is  a  change  of  consistence  when  soliils  become 
liquid  or  liquids  gaseous;  and  iho  laws  ot"  such 
changes  must  be  ftindamental  facts  of  our  thermo- 
tical  theories.  We  are  still  in  the  dark  as  to 
many  of  the  laws  which  belong  to  this  change ; 
but  one  of  them,  of  great  importance,  has  been  dis- 
covered, and  to  that  we  must  uow  proceed. 


Sect.  3. — The  Doctrine  of  Latent  Heat 

The  Doctrine  of  Latent  Heat  reft-rs  to  such  changes 
of  consistence  as  we  have  just  spoken  of.  It  is  to 
this  effect;  that  during  the  conversion  of  solids  into 
Uipiids,  or  of  liquids  into  vapours,  there  is  com- 
municated to  the  body  hf-at  which  ts  not  indicated 
by  the  thermometer.  The  heat  is  absorbed,  or 
becomes  latent ;  and,  on  the  other  hand,  on  the 
condensation  of  the  vapour  to  a  liquid,  or  the  liquid 
to  a  solid  consistency,  this  heat  is  again  given  out 
and  becomes  sensible.  Thus  a  pound  of  ice  requires 
twenty  times  as  long  a  time,  in  a  warm  room,  to 
raise  its  temperature  seven  degrees,  as  a  pound  of 
ice-cold  water  does.  A  kettle  placed  on  a  fire,  iji  four 
minutes  had  its  temperature  raised  to  the  boiling 
point.  212":  and  this  temperature  continued  sta- 
tionary ibr  twenty  minutes,  when  the  whole  was 
hoilt'd  awav-     Hr.  Black  inferred  from  these  facts 
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that  a  large  tjuantity  of  heat  is  absorbed  by  the  ice 
io  becoming  water,  and  by  the  water  in  becoming 
steam.  He  reckoned  from  the  above  experiments, 
that  ice,  in  melting,  absorbs  as  much  heat  as 
would  raise  ice-cold  water  through  1411"  of  tem- 
perature :  and  that  water,  in  evaporating,  absorbs 
as  much  heat  as  would  raise  it  through  940". 

That  snow  requires  a  great  quantity  of  heat  to 
melt  it ;  that  water  requires  a  great  quantity  of 
heat  to  cunvert  it  into  steam ;  and  that  this  heat 
is  not  indicated  by  a  rise  in  the  thermoniotor,  are 
facts  which  it  is  not  ditlicult  to  observe ;  but  to 
separate  these  from  all  extraneous  conditions,  to 
group  the  cases  together,  and  to  seize  upon  the 
general  law  by  which  tliey  are  connected,  was  an 
effort  of  inductive  insight,  which  has  been  con- 
sidered, and  deservedly,  as  one  of  the  most  striking 
events  in  the  modern  history  of  physics.  Of  this 
step  the  principal  merit  appears  to  belong  to 
Black  (ra). 

The  consequences  of  this  principle  are  very  im- 
portant, for  upon  it  is  founded  the  whole  doctrine 
of  evaporation;  besides  which,  the  principle  of 
latent  heat  has  other  applications.  But  the  rela^ 
tions  of  aqueous  vapour  to  air  are  so  important, 
and  have  been  so  long  a  subject  of  speculation,  that 
we  may  with  advantage  dwell  a  little  upon  them. 
The  part  of  science  iu  which  this  is  done  may  be 
called,  jis  we  have  said.  Atniology ;  and  to  that  divi- 
sion of  ThermoticH  the  following  chapters  belong. 
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CHAPTER  111. 
The  IIelation  of  Vapour  and  Air. 


Sect.  1. —  The  Boijleati  Law  of  the  Air's  Elasticity. 

IN  the  Sixth  Book  (Chap.  iv.  Sect.  1.)  we  have 
already  seen  how  the  conception  on  the  laws 
of  fluid  equitibrium  were,  by  Pascal  and  others. 
extended  to  air,  as  well  as  T\'ater.  But  though  air 
presses  and  is  pressed  as  water  is.  pressure  pro- 
duces upon  air  an  effect  which  it  does  not,  in  any 
ohvious  degree,  produces  upon  water.  Air  which 
is  pressed,  is  also  compressed,  or  made  to  occupy 
a  smaller  space ;  and  is  consequently  also  made 
more  dense,  or  coJidensed;  and  on  the  other  hand 
when  the  pressure  upon  a  portion  of  air  is  dimin- 
ished, the  air  expands  or  is  rarefied.  These  general 
facts  are  evident.  They  are  expressed  in  a  general 
way  by  saying  that  air  is  an  elastic  fluid,  yielding 
in  a  certain  degree  to  pressure,  and  recovering  it& 
previous  dimensions  when  the  pressure  is  removed. 
But  when  men  had  reached  this  point,  the  ques- 
tions obviously  offered  themselves,  in  what  degree 
and  accordiug  to  what  law  air  yields  to  pressure; 
when  it  is   compressed,   what  relation   docs  the, 
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density  bear  to  the  pressure?  The  use  which  had 
been  made  of  tubes  containing  columns  of  mercury 
by  which  the  pressure  or  portions  of  air  was  varied 
and  measured,  suggested  obvious  modes  of  devis- 
ing experiments  by  which  this  question,  might  be 
answered.  Such  experiments  accordingly  were 
made  by  Boyle  about  1650;  and  the  result  at  which 
he  arrived  was,  that  wlion  air  is  thus  compressed, 
the  density  is  a^  the  pressure.  Thus  if  the  pres- 
sure of  the  atmosphere  in  its  common  state  be 
equivalcut  to  30  inches  of  mercury,  as  shown  by 
the  barometer ;  if  air  included  in  a  tube  be  pressed 
by  30  additional  inches  of  mercury,  its  density 
will  be  doubled,  the  air  being  compressed  into  one 
half  the  space.  If  the  pressure  be  increased  three- 
fold, the  density  is  also  trebled ;  and  so  on.  The 
same  law  was  soon  afterwards  (in  1676)  proved 
experiaientally  by  Mariotto.  And  this  law  of  the 
air's  elasticity;  that  the  density  Js  as  the  pressure, 
is  sometimes  called  the  Boylean  Lme,  and  some- 
times the  Law  of  Boyle  and  Mariotte. 

Air  retains  its  aerial  character  permanently; 
but  there  are  other  aerial  substances  which  appear 
as  such,  and  then  disappear  or  change  into  some 
other  condition.  Such  are  termed  Tapoiir&.  And 
the  discovery  of  their  true  relation  to  air  was  the 
result  of  a  long  course  of  researches  and  specula- 
tions (SA). 
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Sect.  '1, — Prelude  i^  Daltonx  V'jftrine  qf  Empo- 

ratian. 

VisrfiLE  clouils.  sttloke,  distillation,  gave  the  na- 
tion of  Vapour ;  vapour  was  at  first  conceived 
to  be  identical  with  air,  as  hy  Bacon'.  It  was 
easily  collected,  that  by  heat,  water  might  bo  con- 
verted into  vapour.  It  was  thought  that  air 
was  thus  produced,  in  the  instrument  called  the 
wolipjk,  in  which  a  powerful  blast  is  caused  by 
a  boiling  fluid  ;  but  Wolf  showed  that  the  fluid  wa.*? 
not  converted  into  air.  by  using  earophorated  spirit 
of  wine,  and  condensing  the  vapour  after  it  Iiad 
been  formed.  We  need  not  enumerate  the  opinion* 
(if  very  vague  hypotheses  may  be  so  temiGd,)  of] 
Descartes.  Dechales,  BorelH*.  The  latter  accounted 
for  the  rising  of  vapour  by  supposing  it  a  mixture 
of  fire  and  water;  and  thus,  fire  being  much  lighter 
than  air,  the  mixture  also  was  light.  Boylo  en- 
deavoured to  stiuw  that  vapours  do  not  permauently 
float  in  vacuo.  He  compared  the  mixture  of  vapour 
and  air  to  that  of  salt  and  water.  He  found  that 
the  pressure  of  the  atmospliere  affected  the  heat 
of  boiling  water:  a  very  important  fact.  Boyle 
proved  this  by  means  of  the  air-pump  ;  and  he  and 
his  friends  were  much  surprized  to  find  that  when 
air  was  removed,  water  only  just  warm  boiled  vio- 

'  Bacon's  Hiat.  Nat.  Cent.  I.  p.  27- 

■  They  may  be  seen  in  Fisclicr,  Gfuchkhledtr  Phifiik,  vo\  ii- 

p.  ^•!^. 
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leiitly.     Hiiyghens  mentions  an  experiment  of  the 
same  kind  made  by  Papin  about  1673. 

The  ascent  of  vapour  was  explained  in  various 
ways  in  succession,  according  to  the  changes  which 
physical  science  underwent.     It  was  first  distinctly 
treated  of,  at  a  period  wlien  hydrostatics  had  ac- 
counted for  many  phenomena;  and  attempts  were 
naturally  made  to  reduce  this  fact  to  hydrostatical 
principles.     An  obvious  hypothesis,  which  brought 
it  und^r  the  dominion  of  these  principles,  was,  to 
suppose  that  the  water,  when  converted  into  vapour, 
was  divided  into  small  hollow  globules;— thin  pel- 
licles including  air  or  heat.     Halley  gave  such  an 
explanation    of   evaporation ;    Leibnitz    calculated 
the  dimensions  of  these  little  bubbles ;  Derham 
managed  {as  he  supposed)  to  examine  them  with  a 
raagiiilSing  glass ;  Wolf  also  cKaniined  aud  calcu- 
lated on  the  same  subject.     It  is  curious  to  see  so 
much  confidence  in  so  lame  a  theorj' ;  for  if  water 
became   hollow   globules   in  order  to  rise  asi  va-l 
pour,  we  require,  in   order  to  explain  the  format  j 
tion  of  these  globules,  new  laws  of  nature,  which 
are  not  even   hinted  at  by  the   supporters  of  the 
doctrine,  though  they   must  be  lar  more  complex 
than  the  hydrostatical  law  by  which  a  hollow  sphere 
floats, 

Newton's  opinion  was  hardly  more  satisfactory ; 

he^  explained  evaporation  by  the  repulsive  power 

of  heat ;  the  parts  of  vapours,  according  to  him, 

'  Opiich.  Qu.  ai. 
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being  small,  are  easily  affected  by  this  force,  and 
thus  become  lighter  than  the  atmosphere. 

Muschenbroek  still  adhered  to  the  theory  of 
globules,  as  the  explanation  of  evaporation ;  but  he 
was  maiiifeEtly  discontented  with  it;  and  reason- 
ably apprehended  that  the  pressure  of  the  air  would 
destroy  the  frail  texture  of  these  bubbles.  He 
ca,lled  to  his  aid  a  rotation  of  the  globules ;  {which 
Descartes  also  had  assumed ;)  and,  not  i^tisficd 
with  this,  threw  himself  on  olcctrical  action  as  a 
reserve.  Electricity,  indeed,  was  now  in  favour,  as 
hydrostatics  had  been  before;  and  was  naturally 
called  in,  in  all  cases  of  difficulty.  Desagiiliers, 
also,  uses  this  agent  to  account  for  the  asceut  of 
vapour,  introducing  it  into  a  kind  of  sexual  system 
of  clouds ;  according  to  him,  the  male  fire  (heat) 
does  a  part,  and  the  female  fire  (electricity)  per- 
forms the  rest.  These  are  speculations  of  small 
merit  and  no  value. 

In  the  mean  time.  Chemistry  made  great  pro- 
gress ui  the  estimation  of  philosophers,  and  had  its 
turn  in  the  explanation  of  the  important  facts  of 
evaporation.  Bouillet  who,  in  \74'2,  placed  the 
particles  of  water  in  the  interstices  of  those  of  air, 
may  be  considered  as  approaching  to  the  cht^mical 
theory.  In  1 743.  the  Academy  of  Sciences  of  Bour^ 
deaux  proposed  the  ascent  of  vapours  as  the  su 
JGct  of  a  prize ;  which  was  adjudged  in  a  manner 
very  impartial  as  to  the  choice  of  a  theory ;  for  it 
was  divided  between  Kratzenstein,  who  advocated 
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the  bubbles,  (the  coat  of  which  he  determined  to 
be  l-50,000th  of  an  inch  thick,)  and  Hamberger, 
who  maintained  the  truth  to  be  the  adhesion  of 
particles  of  water  to  those  of  air  and  fire.  The 
latter  doctrine  had  become  much  more  distinct  in 
the  author's  mind  when  seven  years  afterwards 
(1750)  he  published  his  Eleinevfa  Physkes.  He 
then  gave  the  explanation  of  evaporation  in  a 
phrase  which  has  since  been  adopted, — the  solution 
iif  water  in  air:  which  he  conceived  to  be  of  tlie 
same  kind  as  other  chemical  solutions. 

This  theory  of  solution  was  iurther  advocated  and 
developed  by  Le  Roi' ;  and  in  his  hands  assumed  a 
form  which  has  been  extensively  adopted  up  to  our 
times,  and  l»as,  in  many  instances,  tinged  the  language 
commonly  used.  He  conceived  that  air,  like  othersol- 
vents,  might  be  saturated;  and  that  when  the  water 
was  beyond  the  amount  required  for  saturation,  it 
appeared  in  a  visible  form.  The  saturating  quantity 
was.  held  to  depend  mainly  on  warmth  and  wind. 

This  theory  was  by  no  means  devoid  of  merit ; 
for  it  brought  together  many  of  the  phenomena, 
and  explained  a  number  of  the  experiments  which 
Lg  Roi  made.  It  explained  the  facts  of  the  trans- 
parency of  vapour,  (for  perfect  solutions  are  trans- 
parent,) the  precipitation  of  water  by  cooling,  the 
disappearance  of  the  visible  moisture  by  warming 
it  again,  the  increased  evaporation  by  rain  and 
i     wind ;    and   other   observed    phenomena.     So    far, 

k'  Ai:  R..Sc.  Paris,  17.50. 
VOL.  11.  O  0 
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therefore,  the  introduction  of  the  notion  of  the 
chemical  solution  of  water  in  air  was  apparently 
very  successful.  But  its  defects  are  of  a  very  fatal 
kind  ;  for  it  does  not  at  all  apply  to  the  facts  which 
take  place  when  air  is  excluded. 

In  Sweden,  in  the  moan  time\  the  suhgect  had 
been  pursued  in  a  different,  and  in  a  more  correct 
manner.  Wallerins  Ericsen  had,  by  various  experi- 
meots,  established  the  important  fact,  that  water 
evaporates  in  a  mcutim.  His  experiments  arc  clear 
and  satisfactory ;  and  he  inferred  from  them  the 
falsity  of  the  common  explanation  of  evaporation 
by  the  solution  of  water  in  air.  His  conclusions 
are  drawn  in  a  very  intelligent  manner.  He  con- 
siders the  question  whether  water  can  be  changed 
into  air,  and  whether  the  atmosphere  is.  in  conse- 
quence»  a  mere  collection  of  vapours ;  and  on  good 
reasons,  decides  in  the  negative,  and  concludes  the 
existence  of  permanently-elastic  air  different  from 
vapour.  He  judges,  also,  that  there  aro  two  causes 
concerned,  one  acting  to  produce  the  first  ascent 
of  vapours,  the  other  to  support  them  afterwards. 
The  first,  which  acts  in  a  vacuum,  he  conceives  to 
be  the  mutual  repulsion  of  the  particles;  and  since 
this  force  is  independent  of  the  presence  of  other 
substances,  this  seems  to  be  a  sound  induction. 
When  the  vapours  have  ouce  ascended  into  the  air, 
it  may  readily  be  granted  that  they  are  carried 
higher,  and  driven  from  side  to  side  by  the  cur- 

°  Fischer,  Gcach,  P/ii/s.  vol.  y.  p.  ■tJ3. 


RELATION   OF  VAPOUR  AND  AIR. 


563 


rents  of  the  atniotijihere.  Wallerius  conceires  that 
the  vaj>our  will  rise  till  it  gets  into  air  of  the  same 
density  as  itselC  and  being  then  in  equilibrium, 
will  drift  to  aad  to. 

The  two  rival  theories  of  evaporation,  that  of 
ehetniM^al  solution  and  that  of  independent  vapour, 
were,  in  various  forms,  advocated  by  the  ne^rt  gene- 
ration of  philosophers.  De  Saussure  may  be  consi- 
dered as  the  leader  on  one  side,  and  De  Luc  on  the 
other.  The  former  maintained  the  solution  theory, 
with  some  modifications  of  bis  own.  De  Luc  dpnied 
all  solution,  and  held  vapour  to  be  a  combination 
of  the  particles  of  water  with  tire,  by  which  they  he^ 
came  lighter  than  air.  According  to  him,  there  is 
always  fire  enough  present  to  produce  this  combina- 
tion, so  that  evaporation  goes  od  at  all  temperature. 

This  mode  of  considering  independent  vapour  as. 
a  combination  of  fire  with  water,  led  the  attention 
of  those  who  adopted  the  opinion  to  the  thenao- 
metrieal  changes  which  take  place  when  vapour 
is  formed  and  condensed.  These  changes  are  im- 
portant, and  their  laws  curious.  The  laws  belong 
.  to  the  induction  of  latent  heat,  of  which  we  have 
just  spoken  ;  but  a  knowledge  of  them  is  not  abso- 
lutely necessary  in  order  to  enable  us  to  under- 
stand the  manner  in  which  steam  exists  in  air. 

De  Luc's  views  led  hlin*  also  to  the  considera- 
tion of  the  eftect  of  pressure  on  vapour.     He  ex- 


'  Fiwliej,  vol.  vii.  p.  463. 

logU,  17B7. 
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plains  the  feet  tliat  pressure  will  eonJense  vapour. 
by  supposing  that  tt  brings  the  particles  within 
the  distance  at  which  the  repulsion  arising  from 
fire  ceases.  In  this  way,  he  also  explains  the  feet, 
that  thoug-h  external  pressure  does  thus  condense 
steam,  the  mlxturp  of  a  body  of  air,  by  which  the 
pressure  is  equally  increased,  will  not  produce  the 
same  effect;  and  therefore,  vapours  can  exist  in 
the  atmosphere.  They  make  no  fixed  proportion 
of  it;  but  at  the  same  temperature  we  have  the 
same  pressure  arising  from  thew.  whether  they  are 
in  au"  or  not.  As  the  heat  increases,  vapour  be- 
comes capable  of  EU[iporting  a  greater  and  greater 
pressure,  and  at  the  boiling  heat,  it  can  support 
the  pressure  of  the  atmosphere. 

De  Luc  also  marked  very  precisely  (as  Wallerius 
had  done)  the  difference  between  vapour  and  air: 
the  former  being  capable  of  change  of  consistence 
by  cold  or  pressure,  the  latter  not  so.  Pictet,  tn 
JTBQ,  made  a  hygrometrical  experiment,  which  ap- 
peared to  him  to  confirm  De  Luc's  views;  and  De 
Luc,  in  1792,  published  a  concluding  essay  on  the 
subject  in  the  Phihsophical  Transactions.  Pictet's 
Essay  on  Fire^  in  1791,  also  demonstrated  that  "all 
the  train  of  hygrometrical  phenomena  takes  place 
just  as  well,  indeed  rather  quicker,  in  a  vacuum 
than  in  air,  provided  the  same  quantity  of  moisture 
is  present."  This  essay,  and  De  Luc's  paper,  gave 
the  death-blow  to  the  theory  of  the  solution  of 
water  in  air. 
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Yet  this  theory  did  not  fall  without  ao  ohstinate 
struggle.  It  was  tiiken  up  by  the  new  school  of 
French  chemists,  and  connected  with  their  views 
of  heat.  Indeed  it  long  appears  as  the  preralent 
opinion.  Gii'tanner",  in  his  Grounds  of  the  Anti- 
phhfjuik  Tkcorif,  may  be  considered  as  one  of  the 
principal  expounders  of  this  view  of  the  matter. 
Hube,  of  Warsaw,  was,  however,  the  strongest  of  the 
defenders  of  the  theory  of  solution,  and  published 
upon  it  repeatedly  about  1790.  Yet  he  appears  to 
have  been  somewhat  embarrassed  with  the  increase 
of  the  air's  elasticity  by  vapour.  Parrot,  in  1801,  pro- 
)sed  another  theory,  maintaining  that  De  Luc  had 
no  means  successtiilly  attacked  that  of  solution, 
but  only  De  Saussure's  superfluous  additions  to  it. 

It  is  difficult  to  see  what  prevented  the  general 
reception  of  the  doctrine  of  independent  vapour ; 
since  it  explained  all  the  facts  very  simply,  and  the 
agency  of  air  was  shown  over  and  over  again  to  be 
unnecessary.  Yet,  even  now,  the  solution  of  water 
in  air  is  hardly  exploded.  M.  Gay-Lussac",  in  1800, 
talks  of  the  quantity  of  water  "  held  in  solution"  by 
the  air;  which,  he  says,  varies  according  to  its 
temperature  and  density  by  a  law  which  has  not 
yet  been  discovered.  And  Professor  Robison,  in  the 
article  "Steam,"  in  the  Enrifd'Opwdia  Britannica 
(published  about  1800),  says^  "Many  philosophers 
imagine  that  spontaneous  evaporation,  at  low  tem- 


'  Fischer^  vol.  \ii.  473. 
"  Rotison's  Works,  n.  37. 
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peratures,  is  produced  in  this  way»  (by  elftsticity 
alone.)  But  we  cannot  be  of  this  opinion;  and 
must  still  think  that  this  kind  of  evaporation  is  pro- 
dueed  by  the  dissolving  power  of  the  air."  He  then 
gives  some  reasons  for  his  opinion.  "  When  moist 
air  is  suddenly  rarefied,  ther&  is  always  a  precipita^ 
tion  of  water.  But  by  this  new  doctrine  the  very 
contrary  sboidd  happen,  be(ause  the  tendency  of 
water  to  appear  in  the  clastic  form  is  promoted  by 
removing  the  external  pressure."  Another  main 
difficulty  in  the  way  of  the  doctrine  of  the  mere 
mixture  of  vapour  and  air  was  supposed  to  be  this ; 
that  if  they  were  so  mixed,  the  heavier  fluid  would 
take  the  lower  part,  and  the  lighter  the  higher 
part,  of  the  space  which  they  occupied. 

The  former  of  those  arguments  was  repelled  by 
the  consideration  that  in  the  rareiaction  of  air.  its 
specific  heat  is  changed,  and  thus  its  temperature 
reduced  below  the  constituent  temperature  of  the 
vapour  which  it  contains.  The  latter  argument  is 
answered  by  a  reference  to  Dalton's  law  of  the 
nuxtnre  of  gases.  We  must  consider  the  est»- 
blishment  of  this  doctrine  in  a  new  section,  a^ 
the  most  material  step  to  the  true  notion  of  evapo- 
ration. 


Sect.  3. — Dalton's  iJoetrive  of  Emjioration. 

A  PORTION  of  that  which  appears  to  be  the  true 
notion  of  evaporation  was  known,  with  greater  or 


RELATION  OF  VAPOUR  AND  AIR. 


567 


I 


le&s  distinctness,  to  several  of  the  physical  philoso- 
phers of  whom  we  have  spoken.  They  were  aweire 
that  the  vapour  which  exists  in  air,  in  an  invisible 
state,  may  be  condensed  into  water  by  cold :  and 
they  had  noticed  that,  in  any  state  of  the  atmo- 
sphere, there  is  a  certain  temperature  lower  than 
that  of  the  atmosphere,  to  which,  if  we  depress 
bodies,  water  forms  upon  them  in  fine  drops  like 
dew;  this  temperature  is  hence  called  the  dero- 
poini.  The  vapour  of  water  which  exists  anywhere 
may  be  reduced  below  the  degree  of  heat  which  is 
necessary  to  constitute  it  vapour,  and  thus  it  ceases 
to  be  so.  Hence  this  temperature  is  also  called  the 
constituent  temj^erature.  This  was  generally  known 
to  the  meteorological  speculators  of  the  last  cen- 
tury, although,  in  England,  attention  was  princi- 
pally called  to  it  by  Dr.  Wells's  EssaAf  on  Dero^  in 
1814.  This  doctrine  readily  explains  how  the  cold 
produced  by  rarefaction  of  air,  descending  below  the 
constituent  temperat^lro  of  the  contained  vapour, 
may  precipitate  a  dew;  and  thus,  as  wc  hare  said, 
refutes  one  obvious  objection  to  the  theory  of  inde- 
pendent vapour. 

The  other  difficulty  was  first  fully  removed  by 
Mr.  Dalton.  When  his  attention  was  drawn  to  the 
subject  of  vapour,  he  saw  insurmountable  objections 
to  the  doctrine  of  a  chemical  union  of  water  and 
air.  In  fact,  this  doctrine  was  a  mere  nominal  ex- 
planation ;  for.  on  closer  examination,^  no  chemical 
analogies  supported  it.     After  some  reHection,  and 
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in  the  setfuel  of  other  generalizations  concerning 
gases,  he  was  led  to  the  persuasion,  that  when  air 
and  steam  are  mixed  together,  each  follows  its 
separate  laws  of  equilibrium,  the  particles  of  each 
being  elastic  with  regard  to  those  of  their  own  kind 
only :  so  that  steam  may  be  conceived  as  flowing 
among  the  particles  of  air'"  "  like  a  stream  of  water 
among  pebbles ;"  and  the  resistance  which  air  offers 
to  evaporation  arises,  not  from  its  weight,  but  from 
the  ioertia  of  its  particles. 

It  will  be  found  that  the  theory  of  independent 
Vapour^  understood  with  these  conditions,  will  in- 
clude all  the  facts  of  the  case ; — gradual  evapora- 
tion in  air ;  sudden  evaporation  in  a  vacuum ;  the 
increase  of  the  air's  elasticity  by  vapour;  condensa^ 
tion  by  its  various  causes;  and  other  phenomena. 

But  Mr.  Dalton  also  made  experiments  to  prove 
his  fundamental  principle,  that  if  two  different  gases 
communicate,  they  will  diffuse  themselves  through 
each  other"; — slowly,  if  the  opening  of  communica- 
tion be  small.  He  observes  also,  that  all  the  gases 
had  equal  solvent  powers  for  vapour,  which  could 
hardly  have  happened,  had  chemical  affinity  been 
concerned.  Nor  does  the  density  of  the  air  make 
any  difference. 

Taking  all  these  circumstances  into  the  account, 
Mr.  Dalton  abandoned  the  idea  of  solution.  "  In 
the  autumn  of  1801,"  he  says,  "1  hit  upon  an  idea 

'"  Mnnchtshr  >/<w(wV.t,  vol.  v.  p.StJl, 

"  Neiv  Sij.stem  vf  Chemkal  l'Jiiloat/]ik^^  mj].  i.  p.  131. 
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which  seemed  to  be  exactly  calculated  to  explain 
the  phenomena  of  vapour :  it  gave  rise  to  a  great 
I  "variety  of  experiments"  which  ended  in  fixing  it 
in  his  mind  as  a  true  idea.  "But,"  he  adds,  "the 
theory  was  almost  universally  misunderstood,  and 
consecjuently  reprobated." 

Mr.  Dalton  answers  various  objections..  Berthol- 
let  had  iirg'ed  that  we  can  hardly  conceive  the  par- 
ticles of  a  substance  added  to  those  of  another, 
without  increasing  its  elasticity.  To  this  Mr.  Dalton 
replies  by  adducing  the  instance  of  magnets,  which 
repel  each  other,  but  do  not  repel  other  bodies. 
One  of  the  most  curious  and  ingenious  objections  is 
that  of  Mr.  Gough,  who  argues,  that  if  each  gas  is 
elastic  with  Togard  to  itself  alone,  we  should  hear, 
produced  by  one  stroke,  four  sounds;  naxncly, Jrst, 
the  sound  through  aqueous  vapour ;  seca/i-d,  the 
sound  through  azotic  gas;  third,  the  sound  through 
oxygen  gas ;  fonrOu  the  sound  through  carbonic 
acid.  Mr.  Dalton's  answer  is.,  that  the  difference  of 
time  at  which  tliese  sounds  would  come  is  very 
small ;  and  that,  in  fact,  we  do  hear  sounds  double 
and  treble. 

In  his  Neft9  S^fstiftu  of  Clunnical  Philosophy,  Mr. 
Dalton  considers  the  objections  of  his  opponents 
with  singidar  candour  and  impartiality.  He  there 
appears  disposed  to  abandon  that  part  of  the  theory 
which  negative's  the  mutual  repulsion  of  the  parti- 
cles of  the  two  gases  and  to  attribute  their  dif- 
fusion through  one  another  to  the  different  si/,e  of 
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the  particles,  which  would,  he  thinks",  produce  t 
same  effect. 

In  selecting,  as  of  pennanent  importance,  the 
really  valuable  part  of  this  theory,  we  must  endea- 
vour to  leave  out  all  that  is  douhtful  or  unproved.  I 
believe  it  will  be  found  that  in  all  theories  hitherto 
promulgated,  all  assertions  respecting  the  properties      i 
of  the  particles  of  bodies,  their  sizes,  distances,  at-^H 
tractions,  and  the  like,  are  insecure  and  superfluous. 
Passing;  over,  then,  such  hypotheses,  the  induction* 
which  remain  are  these ; — that  two  gases  which  are 
in  coramunicatiou  will,  hy  the  elasticity  of  ea^h,  dif- 
fuse themselves  in  one  another,  quickly  or  slowly 
and — that  the  quantity  of  steam  contained  in  a  cer^ 
tain  space  of  air  is  the  same,  whatever  be  the  air, 
whatever  he  its  density,  and  even  if  there   be  a 
vacuum.    These  propositions  may  he  included  toge- 
ther by  saying,  that  one  gas  is  mediamcally  ^nixed 
with  another;  and  we  cannot  but  assent  to  what 
Mr.  Daltott  says  of  the  latter  fact, — "  this  is  cer- 
tainly the  touchstone  of  the  mechanical  and  che- 
mical theories."     This  doctrine  of  the  mt-chnnicai 
mixture  of  i/asef!  appears  to  supply  answers  to  all 
the    difficulties    opposed   to    it    by   BcrthoUet  and 
othere,  as  Mr.  Dalton  has  shown'*;   and  we  mfty, 
therefore,  accept  it  as  well  established., 

This  doctrine,  along  with  the  prindple  <^  the 
ccnstitmmt  temperature  of  stea7n,  are  applicable  to 
a  large  series  of  meteorological  and  other  conse> 

"  Nrw  System,  p.  lOa.  "  lb.  \vl  I.  p.  im,  &c 
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,quenees.  But  before  considering  the  applicatioas 
)f  theory  to  aatura!  iihenomena,  which  have  been 
made,  it  will  be  proper  to  speak  of  researches 
which  were  carried  on,  in  a  great  measure,  in  con- 
sequence of  the  use  of  steam  in  the  arts :  I  mean 
tthe  laws  which  connect  its  ela^ic  force  with  its 
constituent  temperature. 
Si 
Ti 


iSect.  4. — Determiwftimt  of  the  Laws  qf  the  ElaMu 
Forr^  of  Siea7n. 


I 


The  expansion  of  aqueous  vapour  at  different  tem- 
peratures is  govenied,  like  that  of  all  other  vapours, 
hy  the  law  of  Dalton  and  Gay-Lussae,  already  men- 
tioned; and  from  this,  its  elasticity,  when  its  expan- 
sion is  resisted,  will  be  known  by  the  law  of  Boyle 
and  Mariotte;  namely,  by  the  rule  that  the  pressure 
of  airy  fluids  is  as  the  condensation.  But  it  is  to  be 
observed,  that  this  process  of  calculation  goes  on 
the  supposition  that  the  steam  is  cut  oif  from  con- 
tact with  water,  so  that  no  more  steam  can  be 
generated;  a  case  quite  different  trora  the  common 
one,  in  which  the  steam  is  more  abundant  as  the 
heat  is  greater.  The  examination  of  the  force  of 
vapour,  under  these  latter  circumstances,  must  be 
briefly  noticed. 

During  the  [leriod  of  which  wo  have  been  speak- 
ing, the  progress  of  the  investigation  of  the  laws  of 
aqueous  vapour  was  much  accelerated  by  the  grow- 
ing importaiici;  uf  the  steam-engine,  in  which  those 
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laws  operated  in  a  practical  form.    James  Watt,  th^ 
main  improver  of  that  machine,  was  thus  a  great 
contributor  to  speculative  knowledge,  as  well  as 
practical   power.     Many  of  his  improvements  de- 
pended on  the  laws  which  regulate  the  quantity  of 
heat  which  goes  to  the  formation  or  condensation 
of  steam,  and  the  observations  which  led  to  these 
improvements  enter  into  the  induction  of  latont 
heat.    Measurements  of  the  force  of  steam,  at  all 
temperatures,   were    made    with    the    same   ^-iew. 
Watt's   attention    had   been   drawn  to   the  steam- 
engiae  in  1750,  by  Robison,  the  former  being  thea 
an  instrument-maker,  and  the  latter  a  student  at_ 
the  University  of  Glasgow".     In  17C1  or  1762,  ht 
tried  some  experiments  on  the  force  of  steam  in 
Papln's  Digester";  and  formed  a  sort  of  working" 
model  of  a  steam-engine,  feeling  already  his  voca- 
tion to  develope  the  powers  of  that  invention.     His 
knowledge   was   at   that    time    principally   derii 
from  Desaguliers  and  Belidor,  but  his  own  experi-] 
ments  added  to  it  rapidly.     In  1764  and  1765,  he| 
made  a  more  systematical  course  of  experiments, 
directed  to  ascertain  the  force  of  steam.     He  tried 

'*  RolniMon's  Works,  vol.  ii.  p*  1 13. 

'*  Denis  Papin,  whu  made  many  of  Boyle's  experiments  forj 
liiin.  had  diHcoTered  that  if  the  Tapour  be  prevented  from  rian^l 
the  water  bwonics  liottor  thun  tho  usual  Iwilinw-point ;  and  had 
hence  invented  the  iustmineut  caUed  Papin's  Digesler.  It  is 
di-scribud  m  his  book,  La  maniire  itamolir  let  ot  el  dc /aire 
enirc  ionics  sorles  dc  oiandcs  en  fori  peu  dc  temps  el  d  peu  de 
j'rah.     I'arie,  ]fi82. 
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[flnce,  however,  only  at  temperatures  above  the 
boiling-point;  and  inferred  it  at  lower  degrees  from 

le  supposed  continuitjj-  of  the  law  thus  obtained. 

[is  friend  Robison,  also,  was  soon  after  led,  by 
reading  the  account  of  some  experiments  of  Lord 

i Charles  Cavendish,  and  some  others  of  Mr.  Nairne, 
^  examine  the  same  subject.  He  made  out  a  table 
bf  the  correspondence  of  the  elasticity  and  the  tem- 
|>erature  of  vapour,  from  thirty-two  to  two  hundred 
and  eighty  degrees  of  Fahrenheit's  thermometer'*. 

»Thc  thing  here  to  be  remarked,  is  the  establishment 
■of  a  law  of  the  pressure  of  steam,  down  to  the 
freezing-point  of  water.  Ziegler  of  Basle,  in  1 769. 
and  Achard  of  Berlin,  in  1782,  made  similar  expe- 
Kximents.  The  latter  examined  also  the  elasticity 
~  of  the  vapour  of  alcohol.  Betaucourt,  in  1792, 
published  his  Memoir  on  the  expansive  force  of 
vapours ;  and  his  tables  were  for  some  time  consi- 
dered the  most  exact.  Prony  in  his  Architecture 
Hydratdique  (1796),  established  a  mathematical 
formula*',  on  the  experiments  of  Betancourt,  who 
began  his  researches  in  the  belief  that  he  was  first 
in  the  field,  although  he  afterwards  found  that  he 
had  been  anticipated  by  Ziegler.     Gren  compared 

tthe  experiments  of  Betancourt  and  De  Luc  with 
his  own.  He  ascertained  an  important  fact,  that 
when  water  boils,  the  elasticity  of  the  steam  is 
"  Thcat!  were  afterwards  published  in  tbe  Enct/cltrjKtdia 
Britantticai  in  the  artiLilc  "  ^team"  -written  by  Rohieun. 
''  Archiiecture  Hydraulique,  Secuiide  Piirtif,  ]>•  ItSJ. 
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equal  to  that  of  the  atmosjihere.  Sehmidt  at  Gi( 
sen  endeavoured  to  improve  the  apparatus  used  by 
Betancourt;  and  Biker,  oi' Rotterdam,  id  1800,  made 
new  trials  for  the  same  purpose. 

In  1801.  Mr.  Dalton  communicated  to  the  Phil*-^ 
sophieal   Society  oi"  Manchester   his  inve&tipationSj 
on  this  Subject ;   observing  truly,  that  though  th( 
forces  at  high   temperatures  are  most   important 
when  steam  is  considered  as  a  mechanical  agent, 
the  progress  of  philosophy  is  more  immediately 
interested  in  accurate  observations  on  the  force  at 
low  temperatures.    He  also  found  that  his  series  of 
elasticities  fur  e(|uidistant  temperatures  resembled 
a  geometHml  prof/ressitm,  but  with  a.  ratio 
stantly  diminishing.     Dr.  Ure,  in  1818,  published] 
in  the  P/ii/oso^)Jncfd  Tranmctwns  of  Ijondon,  ex- 
periments of  the  same   kind,  valuable   from   the 
high  temperatures  at  which  .they  were  made,  and 
for  the  simplicity  of  his  apparatus.     The  law  which 
he  thus  obtained  approached,  like  Dalton's,  to 
geometricaf  jrroffresswn.     Dr.  Ure  says,  that  a  for-] 
muia  proposed  by  M.  Biot  gives  an  errour  of  near' 
nine  inches  out  of  seventy-five,  at  a  temperature 
of  2G6  degrees.      This  is  very  conceivable,  for  if' 
the  formula  be  wrong  at  all,  the  geometrical  pro- 
gress rapidly  inflames  the  errour  in  the  higher  por- 
tions of  the  scale.     The  elasticity  of  steam,  at  high 
temperatiu-es,    has    also    been    experimentally    ex- 
amined by  Mr.  Southern,  of  Soho,  and  Mr,  Sharpe, 
of  Manchester,     Mr.    Dalton    has   attempted    to 
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•deduce  certain  geueral  laws  from  Mr.  Sharpe's  ex- 
periments; aad  other  persons  have  offered  other 
rul^  as  those  which  govern  the  force  of  steam 
with  reference  to  the  temperature:  but  no  rule 
appears  yet  to  have  assumed  the  character  of  an 
established  scientific  truth.  Yet  the  law  of  the 
expansive  force  of  steam  is  not  only  required  in 
order  that  the  steam-engiue  may  be  employed  with 
safety  and  to  the  best  advantage ;  but  must  also 
be  an  important  point  in  every  consistent  tbermo- 
tical  theory  {T a). 


Sed,.  5. — Consequences  of  the  Boctrim:  of  Erapora- 
txon.    Ejcplanatioft  qf  Rain,  Lew,  and  Clouds. 

The  discoveries  concerning  the  relations  of  heat 
and  moisture  which  were  made  during  the  last  cen- 
tury, were  principally  suggested  by  meteorological 
inquiries,  and  were  applied  to  meteorology'  as  fast 
as  they  rose.  Still  there  remains,  on  many  points 
of  this  subject,  so  much  doubt  and  obscurity,  that 
we  cannot  suppose  the  doctrines  to  have  assumed 
their  final  form,  and  therefore  are  not  called  u\ion 
to  trace  their  progress  and  connexion.  The  prin- 
ciples of  atmology  are  pretty  well  understood  ;  but 
the  difficulty  of  observing  the  conditions  under 
which  they  produce  their  effects  in  the  atmosphere 
is  so  great,  that  the  precise  theory  of  most  mete- 
orological phenomena  is  still  to  he  determined. 
We  have  already  considered  the  answers  given 
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to  the  question.  According-  to  wbat  rules  does  trans- 
parent aqueous  vapour  resume  its  form  of  visible 
water?     This  question  includes,  not  only  the  pro- 
blems of  rain  and   dew,   but   also  of  clouds:  for 
clouds  are  not  vapour,  but  water,  vapour   being 
always  invisible.    Ao  opinion  which  attracted  much 
notice  in  its  time,  wasthatof  Hutton,  who.  in  1784, 
endeavoured    to  prove  that   if  two  masses  of  air 
saturated  with  transparent  vapour  at  different  tem- 
peratures, are  mixed  together,  the  precij)itation  of 
water  in   the  form   either  of   cloud  or    of  drops 
will  take  place.     The  reason  he  assigned  for  the 
opinion  was  this ;  that  the  temperature  of  the  mix- 
ture is  a  mean  between  the  two  temperatures,  but 
that  the  foree  of  the  vapour  in  the  mixture,  which 
is  the  mean  of  tlie  forces  of  the  two  component 
vapours,  will  be  greater  than  that  which  corresponds 
to  the  mean  temperature,  since  the  force  increases 
faster  than   the  temperature";  and   hence  some 
part  of  the  vapour  will  be  precipitated.     This  doc- 
trine, it  will  be  seen,  speaks  of  vapour  as  "saturat- 
ing" air,  and  is  therefore  in  this  form,  inconsistent 
with   Dalton's  principle;  but  it  is  not  difficult  to 
modify  the  expression  so  as  to  retain  the  essential 
part  of  the  explanation. 

Deto. — The  principle  of  a  "  constituent  tempe- 
rature" of  steam,  and  the  explanation  of  the  "dcw- 
point,"  were  known,  as  wc  have  said,  to  the  mete- 
orologists of  the   last  century ;   but  we   perceive 

"  Mdin.  Trans.  vol.i.  p.  42. 
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how  incomplete  their  knowled^jc  was.  by  the  very 
gradual  manner  in  which  the  consequences  of  this 
principle  were  traced  out.  We  have  already  noticed* 
as  one  of  the  books  which  most  drew  attention 
to  the  true  doctrine,  in  this  comitry  at  least,  Dr.- 
Wellss  Eifmp  on  Dew,  published  in  1814.  In  this 
work  the  author  gives  an  account  of  the  progress 
of  his  opinions'' :  "I  was  led/'  he  says,  "in  tho 
autumn  of  1784,  by  the  event  of  a  rude  experi- 
ment, to  think  it  probable  that  the  fomiation  of 
dew  is  attended  with  the  production  of  cold."  This 
was  confirmed  by  the  experiments  of  others.  But 
some  years  after,  "upon  considering  the  subject 
more  closely,  I  began  to  suspect  that  Mr.  Wilson, 
Mr.  Six,  and  myself^  had  all  committed  an  error 
in  regarding  the  cold  which  accompanies  the  dew, 
as  an  effect  of  the  formation  of  the  dew."  He 
now  considered  it  rather  as  the  cflwse;  and  soon 
found  that  he  was  able  to  account  for  the  circum- 
stances of  this  formation,  many  of  them  curious 
and  parado-xical,  by  supposing  the  bodies  on  which 
dew  is  deposited,  to  be  cooled  down,  by  radiation 
into  the  clear  night-sky.  to  the  proper  temperature. 
The  same  principle  will  obviously  explain  the  for- 
mation of  mists  over  streams  and  lakes  when  the 
air  is  cooler  than  the  water;  which  was  put  forward 
by  Davy,  even  in  1819.  as  a  new  doctrine,  nr  at 
least  as  not  familiar. 

Hpf/rfuiipt-ei-n. — Acc^ording  as  air  has  more  or 

'*   Exuafi  rm  Dnr.  p.  1 . 
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less  of  vapour  in  comparison  with  that  which  its 
temperature  and  pressure  enable  it  to  contain,  it 
is  more  or  less  humid ;  and  an  instrument  which 
measures  the  degrees  of  suth  a  gradation  is  a  hifgro- 
meter.  T)ie  hygrometers  which  were  at  first  In- 
vented, were  those  which  measured  the  moisture  by 
its  effect  in  producing,'  expansion  or  contraction  In 
certain  organic  substances:  thus  De  Saussure  devised 
a  hair-hygrometer,  De  Luc  a  whalehone-hygrometer. 
and  Dalton  used  a  piece  of  wliipeord.  All  these 
contrivances  were  variable  in  the  amount  of  their 
indications  under  the  same  circumstances;  and, 
moreover,  it  was  not  easy  to  know  the  physical 
meaning  of  the  degree  indicated.  The  dew-point, 
or  constituent  temperature  of  the  vapour  which 
exists  in  the  air,  is,  on  the  other  hand,  both  constant 
and  definite.  The  determination  of  this  point,  as 
a  datum  for  the  moisture  of  the  atmosphere,  was 
employed  by  Le  Roi,  and  by  Dalton  (1802),  the 
condensation  being  obtained  by  cold  water**;  and 
finally.  Mr.  Daniell  (1812)  constrvictcd  an  instru- 
ment, where  the  condensing  temperature  was  pni- 
duced  by  evaporation  of  ether,  in  a  very  convenient 
manner.  This  Invention  (DanieUs  Hpgrom^r) 
enables  us  to  determiDe  the  quantity  of  vapour 
which  exists  in  a  given  mass  of  the  atmosphere  at 
any  time  of  observation  (u  a). 

C!ondti. — When  vapour  becomes  visible  by  being 
cooled  vbelow  its  constituent  temperature,  it  forms 

•"  Danidl,  Mel.  Est.  y.  U2.     Mmich.  Mem.  vol.  y.  p.  Jifll. 
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itself  into  a  Hne  watery  powder,  the  diameter  of 
the  particles  of  which  this  powder  consists  being 
very  small :  they  are  estimated  by  various  writere, 
from  1-100,000th  to  l-20,0(tOth  of  an  inch".  Such 
particles,  even  If  solid,  would  descend  very  slowly; 
and  very  slight  causes  would  suffice  for  their  sus- 
pension, without  recurring  to  the  hypothesis  of 
vesicles,  of  which  we  have  already  spoken.  Indeed 
that  hypothesis  will  not  explain  the  fact^  except  we 
suppose  theso  vesicles  filled  with  a  rarer  air  than 
that  of  the  atmosphere :  and,  accordingly,  though 
this  hypothesis  is  still  maintained  by  gome^,  it  is 
asserted  as  a  fact  of  observation,  proved  by  optical 
or  other  phenomena,  and  not  deduced  from  the  sus- 
pension of  clouds.  Yet  the  latter  result  is  still  vari- 
ously explained  by  different  philosophers :  thus,  M. 
Gay-Lussac""  accounts  for  it  by  upward  currents  of 
air,  and  Fresnel  explains  it  by  the  heat  and  rarefac- 
tion of  air  in  the  interior  of  the  cloud. 

Clitssi/rafioTT  qf  Clovda. — A  classification  of 
clouds  can  then  only  be  consistent  and  intelligible 
when  it  rests  upon  their  atmological  conditions. 
Such  a  system  was  proposed  by  Mr.  Luke  Howard, 
1802-3.  His  primary  modifications  are.  C«t«*, 
CumnJit^,  and  Stratus,  wliich  the  Germans  have 
translated  by  terms  equivalent  in  English  to/eatk^- 
ehud,  hmp-fiofui,  and  fa^er-cJoud.  The  cumulus 
increases  by  accumulations  on  its  top.  and  floats  in 

"  lb.  i.  3fl3.     RflbJBon,  ii.  13. 
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the  air  with  a  horizontal  base;  the  stratus  grows 
from  below,  and  spreads  along  the  earth;  the  cirrus 
consists  of  fibres  in  the  higher  regions  of  the  atmo- 
sphere, which  grow  every  way.  Between  these 
simple  modifications  are  intermediate  ones,  cirro- 
cumulus  and  cirro-stratus:  and,  again,  compound 
ones,  the  cumulo-stratus  and  the  nimbus,  or  rain- 
doud.  These  distinctions  have  been  generally  ac- 
cepted all  over  Europe :  and  have  rendered  a 
description  of  the  processes  which  go  on  in  the 
atmosphere  lar  more  definite  and  clear  than,  it  could 
be  made  before  their  use. 

I  Omit  a  vast  mass  of  facts  and  opinions,  sup- 
posed laws  of  phenomena  and  assigned  causes, 
which  abound  in  meteorology  more  than  in  any 
other  science.  The  slightest  consideration  will  show 
us  what  a  vast  amount  of  labour,  of  persevering 
and  combined  observation,  the  progress  of  this 
branch  of  knowledge  requires,  I  do  not  even  speak 
of  the  condition  of  the  more  elevated  parts  of  the 
atmosphere.  The  diminution  of  temperature  as  we 
ascend,  one  of  the  most  marked  of  atmospheric  facts, 
has  been  variously  explained  by  ditferent  writers. 
Thus  Dalton"  (1908)  refers  it  to  a  principle  "that 
each  atom  of  air,  in  the  same  perpendicular  column. 
is  possessed  of  the  same  degree  of  heat,"  which 
principle  he  conceives  to  be  entirely  empirical  in 
this  case,  Fourier  says°*  (ISlT*),  "This  phenomenon 

"    ypfP    Sxi^f.  of  Oxrrn.  vol.  i.   |).    125. 
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results  from  several  causes :  one  of  the  principal  is 
the  progressive  extinction  of  the  rays  of  heat  in 
the  successive  strata  of  the  atmosphere." 

Leaving,  therefore,  the  application  of  thermo- 
tical  and  atmological  principles  in  particular  cases, 
let  us  consider  for  a  moment  the  general  views  to 
which  they  have  led  philosophers. 
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CHAPTER  IV. 
PavaiCAL  TuEOBiEs  OF  Heat. 

WHEN  we  look  at  the  condition  of  that  branch 
of  knowledge  which,  according  to  the  phras- 
eology already  employed,  we  must  call  Phpslral 
Thernwlics^  in  opposition  to  Formal  TlicrmotJcs, 
which  gives  us  detached  lav  s  of  pheuomena,  we 
find  the  prospect  very  different  from  that  which 
was  presented  to  us  by  physical  astronomy,  optics, 
and  acoustics.  In  these  sciences,  the  maintainers 
of  a  di&tiuct  and  cnrnprchenslYo  theory  have  pro- 
fessed at  least  to  show  that  it  explains  and  includes 
the  principal  laws  of  phenomena  of  very  varioiis 
kbds:  in  thermotics,  we  have  only  attempts  to 
explain  a  part  of  the  facts.  We  have  here  no  ex- 
ample of  an  hypothesis  which,  assumed  in  order 
to  explain  one  class  of  phenomena,  has  been  foimd 
also  to  account  exactly  for  another:  as  when  central 
forces  led  to  the  precession  of  the  equinoxes;  or 
when  the  explanation  of  polarization  explained  also 
double  refraction ;  or  when  the  pressure  of  the 
atmosphere,  as  measured  by  the  barometer,  gave 
the  tnie  velocity  of  sound.  Such  coincidences  or 
amsiliences,  as  I  have  elsewhere  called  them,  are 
the  test  of  truth;  and  thermotical  theories  cannot 
yet  exhibit  credentials  of  this  kind. 
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On  looking  baek  at  our  view  of  this  science,  it 
will  be  seen  that  it  may  be  distinguished  into  two 
parts;  the  Doetrines  of  Conduction  and  Radiation, 
which  we  call  Thennotics  proper;  and  the  Doc- 
trines respecting  the  relation  of  Heat,  Airs,  and 
Moisture,  which  we  have  termed  Atmology.  These 
two  subjects  difter  in  their  bearing-  on  our  hypo- 
thetical views. 

Thermotkal  Theifrles. — The  phenomena  of  ra- 
diant heat,  like  those  of  radiant  light,  obviously 
admit  of  general  explanation  in  two  difftTeut  ways; 
— by  the  emission  of  material  particles,  or  by  the 
propagation  of  undulations.  Both  these  opinJous 
have  found  supporters.  Probably  most  persons,  in 
adopting  Provost's  theory  of  exchanges,  conceive 
the  radiation  of  heat  to  be  the  radiation  of  matter. 
The  undulation  iiypothesis,  on  the  other  hand,  ap- 
pears to  be  suj^ested  by  the  production  of  heat  by 
friction,  and  was  accordingly  maintained  by  Rum- 
ford  and  others.  Leslie^  appears,  in  a  great  part  of 
his  hifjainf,  to  be  a  supporter  of  some  undulatory 
doctrine,  but  it  is  extremely  difficult  to  make  out 
what  his  undulating  medium  is;  or  rather,  his 
opinions  wavered  during  his  progress.  In  page  31. 
he  asks,  "What  is  this  calorific  and  frigorific  fluid?" 
and  after  keeping  the  reader  in  suspeu.se  for  a 
momentj  be  replies, 

*'  Quud  iwtiti  Ilk  t»t. 

It  is  merely  the  ambient  AIR."     But  at  page  15(1, 

'   An  Experimental  luqnirif  inlo  Ihr  Naltire  ami  Prvjurj^a/uw 

of  il^r.  um. 
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he  again  asks  the  question,  aud,  at  page  188,  he 
answers,  "  It  is  the  same  subtile  matter  that,  ac- 
cording to  its  different  modes  of  existence,  consti- 
tutes either  heat  or  light."  A  person  thus  vacil- 
lating between  two  opinions,  one  of  which  is  pal- 
pably false,  and  the  other  laden  with  exceeding 
difBculties  which  he  does  not  even  attempt  to 
remove,  had  little  right  to  protest  against*  "the 
sportive  freaks  of  some  intangible  aura ;"  to  rank 
all  other  hypotheses  than  his  own  with  the  "  occult 
qualities  of  the  schools;"  and  to  class  the  "pre- 
judices" of  his  opponents  with  the  tenets  of  those 
who  maintained  the  /«</«  vacni  in  opposition  to 
Torrieelli.  It  is  worth  while  noticing  this  kind  of 
rhetoric,  in  order  to  observe,  that  it  may  bo  used 
just  as  easily  on  the  wrong  side  as  on  the  right. 

Till  recently,  the  theory  of  material  heat,  and  of 
its  propagation  by  emission,  ^as  probably  the  one 
most  in  favoiu-  with  those  who  had  studied  mathe- 
matical thermotics.  As  we  have  said,  the  laws  of 
conduction,  in  their  ultimate  analytical  form,  were 
almost  identical  with  the  laws  of  motion  of  6uids. 
Fourier's  principle  also,  that  the  radiation  of  heat 
takes  place  from  points  below  the  surface,  and  is 
intercepted  by  the  superficial  particles,  appears  to 
fevour  the  notion  of  material  emission.  , 

Accordingly,  some  of  the  most  eminent  modem 
French  mathematicians  have  accepted  and  extended 
the  hypothesis  of  a  material  caloric.  In  addition 
to  Fourier's  doctrine  of  molecular  extra-radiation. 

'  fnf»fri/,  p.  47-  • 
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Laplace  and  Poissoii  have  maintained  the  hypo- 
thesis of  viokcular  intra-radwltmi,  as  the  mode 
in  which  eonduetion  takes  place :  that  is^  they  say 
that  the  particles  of  bodies  are  to  be  considered  as 
ducrete^  or  as  points  separated  from  oacli  other, 
and  acting  on  each  other  at  a  distance;  and  the 
eonduetion  of  heat  from  one  part  to  another,  is 
performed  by  radiation  between  all  neighbouring 
particles.  They  hold  that,  without  this  hypothesis, 
the  differential  equations  expressing  the  conditions 
of  conduction  cannot  be  made  homogeneous :  but 
this  assertion  rests,  I  conceive,  on  an  errour,  as 
Fourier  has  sUowti,  by  dispensing  with  the  hjpo- 
thesis^  The  necessity  of  the  hypothesis  of  discrete 
molecular  action  in  bodies,  is  n  aintaincd  in  all 
cases  by  M.  Poisson ;  and  he  has  asserted  Laplace's 
theory'  of  capillary  attraction  to  be  defective  on 
this  ground,  as  Laplace  asserted  Fourier's  reasoning 
respecting  heat  to  be  so.  In  reality,  however,  this 
hypothesis  of  discrete  molecules  cannot  be  mtun- 
tained  as  a  physical  truth ;  for  the  law  of  molecular 
action,  which  is  assumed  in  the  reasoning,  after 
answering  its  purpose  in  the  progress  of  calculation, 
vanishes  in  the  result ;  the  conclusion  is  the  same, 
whatever  law  of  the  intervals  of  the  molecules  be 
assumed.  The  definite  integral,  which  expresses  the 
whole  action,  no  more  proves  that  this  action  is 
actually  made  up  of  the  differential  parts  by  means 
of  which  it  was  found,  than  the  processes  of  finding 
the  weight  of  a  body  by  integration,  prove  it  to  be 
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made  up  of  differential  weights.  And  therefore, 
even  if  we  were  to  adopt  the  emission  theory  of 
heat,  we  are  hy  no  means  bound  to  take  along  with 
it  the  hypothesis  of  discrete  molecules. 

But  the  recent  discovery  of  the  refraction,  polar- 
ization, and  depolarization  of  heat,  has  quite  altered 
the  theoretical  aspect  of  the  subject,  and.  almost  at 
a  single  blow,  mined  the  emission  theory.  Since 
heat  is  reflected  and  refracted  like  light,  analogy 
would  lead  us  to  eoneluik-  that  the  mechanism  of 
the  processes  is  the  same  in  the  two  cases.  And 
when  we  add  to  these  the  property  of  polarization, 
it  is  scarcely  possible  to  believe  otherwise  tlian  that 
heat  consists  in  transverse  vibrations;  for  no  wise 
philosopher  would  attempt  an  explanation  by  afr 
bribing  poles  to  the  emittL-^d  particles.  aHer  the 
experience  which  optics  affords,  of  the  utter  failure 
of  such  machinery. 

But  here  the  question  occurs,  If  heat  consist  in 
vibrations,  whence  arises  the  extraordinary  identity 
of  the  laws  of  its  propagation  with  the  laws  of  the 
flow  of  matter?  IIow  is  it  that,  in  conducted  heat, 
this  vibration  creeps  slowly  from  one  part  oi'  the 
body  to  another,  the  part  first  heated  remaining 
hottest;  instead  of  leaving  its  first  place  and  travel- 
ling rapidly  to  another,  as  the  vibrations  of  sound 
and  light  do  'i  The  answer  to  these  questions  has 
been  put  in  a  very  distinct  and  plausible  form  by 
that  distinguished  philosopher,  M.  Amiicre,  who 
published   a.  Nolf.  on  lltal  mid  Light  vormderetl 
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an  the  results  of  VibTaf4)iy  Motion^,  iii  1S34  and 
1 835 ;  and  though  this  answer  is  an  hypothesis, 
it  at  least  shows  that  there  is  no  fatal  force  in  the 
difficulty. 

M.  Ampere's  hypothesis  is  this ;  that  bodies  con- 
sist of  solid  molecules,  which  may  bo  considered  as 
arranged  at  intervals  in  a  very  rare  ether;  and  that 
the  vibrations  of  the  molecules,  causing  vibrations 
of  the  ether  and  caused  by  them,  constitute  heat. 
On  these  suppositions,  we  should  have  the  pheno- 
mena of  conduction  explained;  for  if  the  molecules 
at  one  end  of  a  har  be  hot,  and  therefore  in  a  state 
of  vibration,  while  the  others  are  at  rest,  the  vibra- 
ting molecules  propagate  vibrations  in  the  ether, 
but  these  do  not  produce  beat,  except  in  proportion 
as  they  put  the  quiescent  moleeulos  of  the  bar  in 
vibratiim;  and  the  ether  being  very  rare  compared 
with  the  molecules,  it  is  only  by  the  repeated  im- 
pulses of  many  successive  vibrations  that  the  nearest 
quiescent  molecules  are  made  to  vibrate,  after  which 
they  combine  in  communicating  the  vibration  to 
the  more  remote  molecules.  "We  then  find  neces- 
sarily," M.  Ampere  adds,  "the  same  erjuations  as 
those  found  by  l-'ourier  frir  the  distribution  of  heat, 
setting  out  from  the  same  hypothesis,  that  the  tem- 
perature or  heat  transmitted  is  proportional  to  the 
diiference  of  the  temperatures." 

Since  the  undulatory  hypothesis  of  heat  can  thus 

'  Btbl'iothSqiif  Universelie  de  Getiei>e,  vol.  xlw.  p.  225.  Ann. 
Chim,  torn.  Ivii.  p.  434. 
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answer  all  obvious  objections,  we  may  consider  it  as 
upon  its  trial,  to  be  confirmed  or  modified  by  future 
discoveries,  and  especially  by  an  enlarged  know- 
ledge of  the  laws  of  the  polarization  of  heat  (va). 

Atmological  2'^^eonVi.— Hypotheses  of  the  rela- 
tions of  heat  and  air  almost  necessarily  involve  a 
reference  to  the  forces  by  which  the  eomposition  of 
bodies  is  produced,  and  thus  cannot  properly  be 
treated  of  till  we  have  surveyed  the  condition  of 
chemical  knowledge.  But  we  may  say  a  few  words 
on  one  such  h>']>othesis ;  I  mean  the  hypothesis  on 
the  subject  of  the  atmological  laws  of  heat,  pro- 
posed by  Laplace,  in  the  twelfth  Book  of  the  M^- 
caniqiie  Celeste,  and  published  in  1823.  It  will  lie 
recollected  that  the  main  laws  of  phenomena  for 
which  we  have  to  account,  by  means  of  such  an 
hypothesis,  are  the  following : — 

(1),  The  Law  of  Boyle  and  Mariotte,  that  the 
elasticity  of  an  air  varies  as  its  density.  See  p.  556 
of  this  volimie. 

(2).  The  Law  of  Gay-Lussac  and  Dalton,  that  all 
airs  expand  equally  by  heat.     See  p.  650. 

(3).  The  production  of  heat  by  sudden  com- 
pression.    See  p.  553. 

(4).  Dalton 's  principle  of  the  mechanical  mix- 
ture of  airs.     See  p.  568. 

(5).  The  Law  of  expansion  of  solids  and  fluids 
by  heat.     Sec  p.  551  and  note  (qa). 

(6).  Changes  of  consistence  by  heat,  and  the 
doctrine  of  latent  heat.     See  p.  554. 
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(7).  The  Law  of  the  expansive  force  of  steam. 
See  p.  574  and  note  (ta). 

Besides  these,  there  are  laws  of  which  it  IS 
doubtful  whether  they  are  or  are  not  included  In 
the  preceding,  as  the  low  temperature  of  the  air  in 
the  higher  parts  of  the  atmosphere,  (p.  580.) 

Laplace's  hj'pothesis'  is  this : — that  bodies  con- 
sist of  particles,  each  of  which  gathers  round  it,  hy 
its  attraction,  a  quantity  of  caloric :  that  the  par- 
ticles of  the  bodies  attract  each  other,  besides 
attracting  the  calorie,  and  that  the  particles  of  the 
caloric  repel  each  other.  In  gases,  the  particles  of 
the  bodies  are  so  far  removed,  that  their  mutual 
attraction  is  insensible,  and  the  matter  tends,  to 
expand  by  the  mutual  repulsion  of  the  caloric.  He 
conceives  this  caloric  to  be  constantly  radiating' 
among  the  particles ;  the  density  of  this  internal 
radiation  is  the  tinnp^i'ature,  and  he  proves  that,  on 
this  supposition,  the  elasticity  of  the  air  will  be  as 
the  density,  and  as  this  temperature.  Hence  follow 
the  three  first  rnlips  above  stated,  The  same  sup- 
positious lead  to  Balton's  principle  of  mixtures  (4), 
though  without  involving  his  mode  of  conception : 
for  Laplace  says  that  whatever  the  mutual  action  of 
two  gases  be,  the  whole  pressure  will  be  equal  to 
the  sum  of  the  separate  pressures\  Expansion  (5), 
and  the  changes  of  consistence  (6),  are  explained  by 
supposing*'  that  in  soHds,  the  mutual  attraction  of 
the  particles  of  the  body  is  the  greatest  force,  in 

*  M4c.  C4K  t.  y.  p.  88.         "  lb.  \u  HO.  '  lb.  p.  92. 
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liquids,  the  attraction  of  the  particles  for  the  caloric, 
in  airs,  the  repulsion  of  the  caloric.  But  the  doc- 
trine of  latent  heat  again  modifies^  the  hypothesis, 
and  makes  it  necessary  to  include  latent  heat  in  the 
calculation ;  ^-et  tliere  is  tiot,  as  we  might  hope 
there  would  be  if  the  theory  were  the  true  one,  any 
confirmation  of  the  hypothesis  resulting  from  the 
new  class  of  laws  thus  referred  to.  Nor  does  it 
appear  that  tlie  hypothesis  accounts  for  the  rela- 
tion between  the  elasticity  and  the  temperature  of 
&team. 

It  will  be  observed  that  Laplace's  hypothesis 
goes  entirely  upon  the  materiality  of  heat,  and  is;! 
inconsistent  with  any  vibratory  theory ;  for,  as 
Ampere  remarks,  "  It  is  clear  that  if  we  admit  heat 
to  consist  in  vibrations,  it  is  a  contradiction  to  attri- 
bute to  heat  (or  caloric)  a  repulsive  force  of  the 
particles  which  wonld  be  a  cause  of  vibration." 

An  unfavourable  judgment  of  Laplace's  theory 
of  gases  is  suggested  by  looking  for  that  which,  in 
speaking  of  optics,  was  mentioned  as  the  great  cha- 
racteristic of  a  true  theory  ;  namely,  that  the  hypo- 
theses, which  were  assumed  in  order  to  account  for 
one  class  of  facts,  are  found  to  explain  another  class 
of  a  diiferent  nature: — the  consilience  of  inductions. 
Thus,  in  thermoties.  the  law  of  an  intensity  of  radia- 
tion proportional  to  the  sine  of  the  angle  of  the  ray 
with  the  surface,  which  is  founded  on  direct  experi- 
ments of  radiation,  is  found  to  be  necessary  in  order 
'  Mrc.  C,U.  t.  V.  p.  m. 
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to  explain  the  tendency  of  neighbouring  bodies  to 
equality  of  temperature ;  and  this  leads  to  the 
higher  generalisation,  that  heat  is  radiant  from 
points  bi'low  the  surface.  But  in  tlie  doctrine  of  the 
relation  of  heat  to  gases,  as  delivered  by  Laplace, 
there  is  none  of  this  unexpected  confirmation ;  and 
though  he  explains  some  of  the  leading  laws,  his 
assumptions  bear  a  large  proportion  to  the  laws 
explained.  Thus,  from  the  assumption  that  the 
repulsion  of  gases  ari-ses  from  the  mutual  repulsion 
of  the  particles  of  caloric,  he  finds  that  the  pressure 
in  any  gas  Is  as  the  square  of  the  density  and  of  the 
quantity  of  caloric*;  and  from  the  assumption  that 
the  temperature  is  the  internal  radiation,  he  finds 
that  this  temperature  is  as  the  density  and  the 
square  of  the  ealoric^  Hence  he  obtains  the  law  of 
Boyle  and  Mariotte,  and  that  of  Dalton  and  Gay- 
Lussac.  But  this  view  of  the  subject  requires  other 
assumptions  when  we  come  to  latent  heat;  and 
accordingly,  he  introduces,  to  express  the  latent 
heat,  a  new  quantity'".  Yet  this  quantity  produces 
no  effect  on  his  calculations,  nor  does  he  apply  lus 
reasoning  to  any  problem  in  which  latent  heat  is 
concerned. 

Without,  then,  deciding  upon  this  theory,  we 
may  venture  to  say  that  it  is  wanting  in  all  the  pro- 
minent and  striking  characteristics  which  we  have 

'  P=2*HKpV(I)p.  107.  •  7'n(a)=^c'  (3)  p.  108. 

'"  Th?  quantity  1,  p.  113. 
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fonnd  in  tliose  great  theories  which  we  look  upon 
as  clearly  and  indisputably  cstablLshed. 

Conclusion. — We  may  observe,  moreover,  that 
heat  has  other  bearings  and  effects,  which,  as  soon 
as  they  have  been  analyzed  into  numerical  laws  of 
phenomena,  must  be  attended  to  Ic  the  formation 
of  therraotical  theories.  Chemistry  will  probably 
supply  many  such;  those  which  occur  to  us  we 
must  examine  hereafter.  But  we  may  mention  as 
examples  of  sucK  De  la  Rive  and  Marcet's  law, 
that  the  specific  heat  of  all  gases  is  the  same";  and 
Dulong  and  Petit's  la.w,  that  single  atoms  of  all 
simple  bodies  have  the  same  capacity  for  heat''. 
Though  we  have  not  yet  said  anything  of  the  rela- 
tion of  different  gases,  or  explained  the  meaning  of 
atoms  in  the  chemieal  sense,  it  will  easily  be  con- 
ceived that  these  are  very  general  and  important 
propositions. 

Thus  the  science  of  Thermotics,  imperfect  as  It 
IS,  forms  a  htghly-instructive  part  of  our  survey, 
and  is  one  of  the  cardinal  points  on  which  the  doors 
of  those  chambers  of  physical  knowledge  must  turn 
which  hitherto  have  remained  closed.  For,  on  the 
one  hand,  this  science  is  related  by  strong  analogies 
and  dependencies  to  the  most  complete  portions  of 
our  knowledge,  our  mechanical  doctrines  and  opti- 
cal theories :  and  on  the  other,  it  is  connected  witfc 
properties  and  laws  of  a  nature  altogether  different, 

'■  Ann.  CA»M.  xxJtv.  (1827.)  '*   ll>"-  397- 
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— those  of  chemistry ;  properties  and  laws  depend- 
ing upon  a  new  system  of  notions  and  relations, 
among  which  clear  and  substantia]  general  princi- 
ples are  far  more  difficult  to  lay  hold  of,  and  with 
which  the  future  progress  of  human  knowledge 
appears  to  be  far  more  concerned.  To  these  notions 
and  relations  we  must  now  proceed ;  but  we  shall 
find  an  intermediate  stage,  in  certain  subjects  which 
I  shall  call  the  meckanico-chemical  sciences ;  viz., 
those  which  have  to  do  with  Magnetism,  Electricity, 
and  Galvanism. 
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(pa.)  p.  549.  The  diathermaney  of  bodies  ie,  ae 
stated  in  tlie  text,  distinct  frora  their  diaphaneity,  in  eo 
far  that  the  same  bodies  do  not  exerGiBG  the  same  powers 
of  seWtion  and  suppTGBsioD  of  CGrtain  rays  on  Ileal  and  tm 
light ;  but  it  appt^ars  to  be  proved  by  the  iavo^ti^atiom  of 
modern  thennotioal  philosophers.  (MM.  De  la  Roche, 
Pow-oll,  Melloni  nnd  Forbee,)  that  there  ie  a  close  analogy 
between  the  absorption  of  cartain  colours  by  transparent 
bodi€.sand  of  certain  kinds  of  heat  by  diathenuanous  bodius. 
Dark  sources  of  heat  emit  rays  which  are  analogous  to 
blue  And  violet  rays  of  light,  and  highly  luminous  sources 
emit  rays  which  are  analogous  to  red  raya.  And  by  metir 
Buring  the  angle  of  total  reflection  for  heat  of  different 
kinds,  it  has  been  abowo  that  the  former  kind  of  calorific 
rays  are  rpaJJy  leas  refrangible  tlian  the  latter.  See  Prof. 
Forbca'e  T/iird  Series  of  Rmearehes  on  Heat,  Edinb.  B,  S. 
Tra7ie,   Vol.  xiv. 

M.  Melloni  has  assumed  this  analogy  as  so  completely 
established,  that  he  has  proposed  for  this  part  of  thcrmo- 
tica  the  name  Thermockroology  (Qu.  Ckroihermotics  ?);  and 
along  with  tliis  term,  many  othera  derived  from  the  Greek, 
and.  founded  on  the  eamc  a.na[ogy.  If  it  should  appear,  in 
the  work  which  he  proposes  to  publish  on  this  subject, 
that  the  dootrines  which  he  has  to  atate  cannot  easily 
be  made  inteUigibl>o  without  the  use  of  the  t&nne  which  ht 
suggests,  hie  nomenclature  will    iibtain   currency;   but  ei. 
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large  a.  mass  of  etymological  innovations  is  in  general  tn 
be  avoided  in  scientiSc  works. 

M,  Meiloni's  discovery  of  the  extraordinary  powor  of 
rock-mlt  to  tranemit  heat,  and  Profe&s&r  Forbes's  dis- 
covery of  the  extraordinary  power  of  mica  to  polarise 
und  depolarize  heat,  have  supplied  thcrmotioal  enqiuFers 
with  two  new  and  most  valuablo  tnstrumcntB. 

For  an  account  of  mitny  thermotical  researolie«,  which 
I  was  obliged  to  i>Ma  unnoticed,  see  two  Reporta  by  Prof. 
Powell  on  the  present  state  of  our  knowledge  respecting 
Kodiant  Heat,  in  the  Reports  of  th&  British  Association  for 
1832  and  1840. 

(qa.)  p,  £i5S.  I  am  aware  that  MM.  Magnus  and 
Uognault  conceive  that  they  have  overthrown  thia  law  of 
Datton  and  G»y-LviMac,  and  fihown  that  the  different  gases 
do  not  expand  alike  for  the  eamo  increment  of  heat. 
Magnus  found  tbe  ratio  to  be  for  atmospheric  air,  1.366; 
for  hydrogen,  1.365;  for  carbonic  acid,  1,309;  for  eui- 
phurouB-acid  gas,  1.S85.  Theso  difffiTflnoea  are  not  greater 
than  the  ditFerenees  obtained  for  the  same  subBtanee  by 
different  obetirvere ;  and  os  this  law  is  referred  to  in  La- 
ptace'a  hypolhesie,  her«after  to  be  discussed,  I  have  left 
the  text  unaltered. 

Yet  that  the  rate  of  expansion  of  dry  ga«  is  different 
for  different  substancee,  must  be  deemed  very  probable, 
after  Dr.  Faraday's  recent  tuvestigationa  Oil  tJm  Lii/ui^/ae- 
tion  and  Solidijicaivin  of  Bodits  ^enarallif  ejciefiitg  as  G'oMVf. 
{Pkil.  Tram.  1845,  Ft.  1)  ;  by  which  it  appears  that  tho 
elasticity  of  vapours  in  contaet  with  their  fluida  inereaaea 
at  diffi-Tent  rates  in  cliffbr^int  eulatancos.  "  That  the 
force,"  he  saya,  ''  of  vapour  increases  in  a  geometrical 
ratio  for  w^ual  incrcinente  of  boat  is  true  for  all  bodies. 


NOTES  TO  BOOK  X. 


but  the  ratio  ie  not  the  same  for  all For  an  inoreaBe  oS 

prpssure  from  two  to  six  tttiiiosplicrea,  the  following  number 
of  degrees  pequirQ  to  be  added  to  the  bodiea  named:' — 
water  69",  sulphureous  acid  63".  cyaiiogeu  64".5,  ammonia 
60",  arsoniuretted  hydrogen.  5i>'*,  sulphurettt-d  hydi-ogen 
56".  5.  muriatio  acid  43",  ciirboniu  acid  32".5,  nitpoua 
oxiJc  30"." 

(ra.)  p.  £55.  Ln  the  tirst  edition  1  hud  mcntionod 
the  names  of  De  Luc  and  of  Wikte,  in  oonnexioD  with  the 
discovery  of  Latent  Heat,  a.long  with  tho  name  of  Bluck. 
Do  Luc  had  observed,  in  1755,  tba.t  ice  in  melting  did  not 
riao  above  the  freezing-point  of  temperature  till  the  whole 
was  melted.  De  Luv  boa  been  dmrged  with  plagiarizing 
BLick'B  disooyery,  but,  I  think,  without  any  just  ground. 
In  his  I(Uea  jwr  {a  MHcorolotfiqut,  (17^7,)  ho  epoko  of 
Dr.  Black  as  "  the  first  who  had  atterapteil  the  deter- 
minations of  the  q^uantities  of  latent  heat."'  And  wfauu 
Mr,  Wdtt  pointed  out  to  hiin  that  from  this  expression  it 
might  be  euppoaed  that  Black  had  not  discovered  tbu  favt 
itself,  lio  acfiuicsced,  and  rodreBscd  tho  equivocal  expres- 
Bion  in  an  Appendix  to  the  vuiumc.  See  his  Lett^  to  the 
Eflitora  of  the  EdivAurgk  Review,  No.  xii.  p.  502,  of  the 

Black  never  publishod  hie  own  jiccount  of  the  doctrini> 
of  Latent  Heat;  but  ho  delivered  it  every  year  after  1760 
in  his  Lectures.  In  1770,  a  surreptitious  publication  of 
his  Lectures  was  made  by  a  London  bookeollor,  and  this 
gave  a  view  of  the  leading  pointe  of  Dr.  Black'a  doetrinn. 
In  1772,  Wileke,  of  Stockholm,  read  a  paper  to  the  Royal 
Society  of  that  city,  in  which  the  absorption  of  heat  by 
melting  ice  la  dtiscribcil :  and  in  the  same  year  De  Luc.  of 
Oeneva,  published  Ids  ftr^wvAen  mr  leg  Modifaatvmt  rU 
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r  Atmotphere.  which  hiw  been  alleged  to  contain  the  doa- 
trtno  of  latent  heat,  and  which  De  Luc  asecrfs  to  h^vQ 
been  written  in  ignorance  of  what  Black  had  done.  At  a 
lattT  period,  De  Luc,  adopting,  in  part,  Black's  expresHion, 
giivu  thu  name  of  latent  Jire  to  the  heat  absorbe<l.  See  Ed. 
Ihe.  No.  VI.  p.  20. 

It  appears  that  Cavendish  determined  the  amonnt  of 
huat  proJui'«d  by  condensing  steam,  and  by  thawing  gnow, 
aa  early  as  1765.  He  bad  perhaps  (ilrciady  heard  eome- 
tbing  of  Black''s  invogtigations,  but  did  not  accept  hia  term 
"  latent  heat,"  See  Mr,  V,  HarcoqrtB  Address  to  tho 
Brit.  Aeaoc.  in  1839,  and  the  Jppcfhdix. 

(SA.)  p,  5.57.  It  was  found  by  M,  Cngniard  de  la  Tour 
(in  1823),  that  at  r  certain  temj>oratiiro.  a  li^tuid,  under 
eufficicint  pressure,  becomes  clear  transpftreiit  vapour  or 
gas,  having  tho  snmu  bulk:  as  the  ti(|uid.  This  condition 
Dr.  Faradiiy  calls  the  Caffiviard  k  kt  Tour  state,  (the 
Tourian  st^ate!)  It  was  also  discovered  by  Dr,  Faraday 
that  carbonic^acid  gas,  and  many  other  gases,  which  v/ere 
long  conceived  to  be  permanently  elastic,  arc  really  redu- 
cible to  a  liquid  state  by  pressure.  {Phil.  Tratis.  1823.) 
And  in  183.!),  M.  Thiloricr  found  the  mojins  of  reducing 
liquid  carbonic  acid  to  a  solid  form,  by  means  of  tho  cold 
producetl  in  evaporation.  More  recently  Dr.  Faraday  has 
added  several  substances  usually  gaseous  to  the  list  of 
thopc  which  could  pruviously  bo  eliown  in  the  lit^uid  state, 
and  lias  reduced  others,  including  ammonia,  nitrous  oxide, 
and  aulpburotted  hydrogen,  to  a  solid  coneiatoney.  {PAit, 
Trails.  Pt.  I.  ISi.^.)  After  these  discoveries,  we  may, 
I  think,  reri^onribly  doubt  whether  all  bodies  are  not 
capable  nf  oxisting  in  th<t  tlireo  camittmeiea  of  solid,  lit|Tiid 
and  air. 
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Tliu  luw  uf  liuylii  and  Muriotce  in  not  exactly  true 
uuar  till}  limit  at  which  the  air  paijses  to  t)ie  Iiq^uiil  state 
ill  nuuh  uaiwvt  a»  that  just  epokcn  of-  The  dimiQution  of 
liiilk  Ih  thui)  tnoru  rupld  than  the  increase  of  pressure. 

The  trniiititlon  of  fluids!  from  a  liquid  to  an  aity  con- 
xJHtcUvo  apf'care  to  b«  acusonipanied  by  other  curious  phe- 
nuuiona.  S«!  Prof.  Fnrheas  papers  on  the  Colour  0/ 
fittam  ««</«'  rtrtain  drcui/utuncttg,  and  on  the  Colours  0/ 
M*  AtitMtf'hrv,  ill  tlio  Edli^,  Tram,  vol,  xiv. 

(ta.)  p.  /j7'>.  To  the  exptiriinents  on  steam  mode  by 
privnto  idiysiitiBtH,  are  to  bo  added  the  experimonW  made  on 
a  (ffami  «calo  by  onlor  of  the  governinentB  of  Fraoue  and  of 
Atiit>ric(^  with  ti  view  tt>  logiphition  en  the  eubject  «f  steiim- 
*)ii^ni<K.  Thp  Kri'iii'li  rxpurimenta  were  made  in  1823. 
uiidtT  Uiu  din'(;tion  of  a  'Coiiimisifion  consisting  of  some  of 
thw  moat  diatin^uijihod  ntombcrs  of  the  Academy  of  Sci- 
onrnw;  imnicly^  M  M.  do  Proiiy,  Arago,  Girard,  and  DuhMig. 
Thf  Ainrrii'ftii  ex]nTimentfi  \sere  plict'd  in  the  haads  of  a 
txtiumittM'  of  tliu  Frniiklin  Institute  of  the  ^tate  of  Pcbd- 
•xlnuiia,  txtiiKwtiu^  of  i^f.  Baclie  and  others,  in  1830. 
Ttefr  I'V-iiv-h  vx|M.Timci)t0  went  tiB  high  as  135"  of  Falir^ 
ImI^i  lftNnMliiM<tvr,  nirrtspikndiQg  to  a  preamio  of  (SO  fia* 
ijt  MMVIUFT,  or  SI  aUnoi$pht>n».  The  Ameriem  ezyen- 
«MHk»  '•vnc  uukU*  up  tu  a  tooip«r&ture  of  346*,  t\aA  «gr- 
W  :fr4  ineboB  of  mercury,  more  than  9  irii 
TW  •st««iBi««  nm^  of  th^se  experimeots  i0mtt 
fcr  tbtttttiiung  the  Uw  of  Uw 
^mmlkKmAwmj  ftmad  that  tkcir  1 
mmmm  of  IW  «laBtK  fane  uoorfiiig  »»  «|» 
-  ^  i^m^gj  1  ^  af^  -wfaov  I  is  the 

««e  led  to  a  juCft 
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ilcals  with  fifth  anii  sixth  powers,  as  with  arithmcticnl  and 
geomctrjcai  ratios.  Dr.  Dalton  had  suppoaed  that  the 
cipansion  of  inflTCury  being  as  the  square  of  the  true  tem- 
perature above  its  freezing-point,  thcj  expansive  force  ol" 
steam  inereoHes  in  gcometTical  ratio  for  er)ud  incremonts 
of  temperaturiD.  And  the  author  o!  the  article  Steam  io 
the  Seventh  Edition  of  the  Encyotopcrdia  Britannica  (Mr. 
.1.  S.  Rusaell),  has  found  that  tho  expenmeiits  are  best 
satisfied  by  supposing  mercury,  as  ivell  as  steam,  to  expand 
in  ^  geometrical  ratio  for  equal  increments  of  the  true 
tumperature. 

It  app&ats  by  such  calculation,  that  while  dry  gu 
increases  in  the  ratio  of  11  to  S,  by  an  increaso  of  tem- 
perature  from  freezing  to  boiling  water ;  steam  in  contact 
of  water,  by  the  same  increase  of  temperature  above  boil- 
ing water^  has  its  expansive  force  increased  in  the  propor- 
tion of  12  to  1,  By  an  equal  increaao  of  temperature,, 
mercury  expands  in  about  the  ratio  of  ii  to  8. 

Recently,  M.  Magnus  of  Rerliii,  Holz.Diami  and  Heg- 
nault,  have  made  eeriea  of  obBervations  on  the  relation 
between  temperature  and  elaetiuity  of  steam.  See  Taylor's 
Scientific  Meitiain,  Aug,  1845,  vol.  iv.  part  xiv.,  and  Jnu. 
^  Chimw- 

Prof.  Magnus  measured  hia  temperatures  by  an  ^r- 
thprraometer ;  a  process  which,  I  stated  In  tho  first  edition, 
BCemed  to  afford  tho  best  promise  of  simplifying  the  law  of 
expansion.  His  reeidt  'le^  that  the  elasticity  proceeds  in  a 
geometric  aerios  when  the  temperature  proceeds  in  an 
arithmetical  sories  a&arly;  the  differences  of  tempcratUK 
for  equal  agumentations  of  the  ratio  of  ela.sticity  being 
somewhat  greater  ibr  the  higher  temperatures. 

The  forces  of  the  vapount  of  other  liquids  in  contact 
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with  their  lit^uide,  (letenoined  by  Dr.  Faraday,  M  men- 
tioneii  in  Note  (qa),  are  analogous  to  thi;  eliaflticity  of 
steam  here  spoken  of- 

(UA.)  p.  578.  As  a  haj>py  application  of  the  Almo- 
logicol  Laws  which  have  been  discovered.  I  may  mention 
the  completion  of  the  tlieory  anci  use  of  the  Wet-halb  Btf- 
(/romeler ;  an  instrument  in  which,  fntm  the  dcpreesion  of 
temperature  produced  by  wettiug  the  bulb  of  a  thermo- 
meter, wo  infer  the  further  depreasion  which  would  pro- 
duce ikw.  Of  this  instrument  the  history  is  thus  summed 
up  by  Prof.  Forbes: — "  Hutton  invented  the  method; 
Leslie  revived  and  extended  it,  giving  probably  the  earliest, 
though  im  imperfect,  theory;  Gaj*Lusaac,  by  his  esoel- 
lent  experiments  and  reasoning  from  them,  completed  the 
tJieory^  so  far  as  perfectly  dry  air  is  concemeii;  Ivory 
extended  the  theory ;  which  was  reduced  to  practice  by 
Augustc  and  Bohncnbergcr,  who  dctemuned  the  coostant 
with  accuracy.  English  obscrvere  have  done  little  more 
than  confirm  the  concEusione  of  our  industrious  GiTinanic 
neighbours;  neverthelegg  the  experiments  of  Apj*)lm  and 
Prinsop  muEt  ever  bo  considor&d  as  conclusively  settling 
the  valut;  of  the  cocHicient  near  the  one  extremity  of  the 
scale,  as  those  of  K»mtz  have  done  for  the  other.''  {Se, 
rond  Heport  on  Mrtetirolorjy^  p.  101,) 

Prof.  Forbes  B  two  Ueporls  On  the  lifuvat  Proejrem  and 
J'rste'jit  State  of  Metouroltttfy,  given  auioug  tlio  itejwrU  of 
tkt)  BrilinA  Aiimciaiivn  for  1S.S2  and  ASH),  contain  a  com- 
plete and  luniinoua  account  of  receut  researches,  on  this 
subject.  It  may  perhaps  be  (wked  why  I  have  not  given 
Meteorologj-  a  placo  among  thu  inductive  Sciences ;  but 
if  the  rt-ader  refers  to  tlicae  accouute,  or  any  other  ade- 
qiiato  view  of  the  subject,  he  will  see  that  Meteorologj*  is 
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not  a  single  Inductive  Science^  but  the  application  of 
several  ecJieiioEie  to  tlie  explanation  of  tiorreBtml  and  atmo- 
Bphf^ric  plieuomena.  Of  the  eoiences  so  applied,  ThtT- 
motics  and  Atmology  are  the  principal  onas.  But  others 
also  conic  into  play;  as  Optics,  in  the  explanation  ol' 
IC^bows,  HaJos,  Parhelia,  CoronEP,  Glorips,  and  the  like; 
Eleetricitj-,  in  tho  explanation  of  Thunder  and  Lightning, 
Hail,  Aurora  Borealis;  to  which  others  might  be  added. 

(vA..)  p.  588.  Since  the  first  edition  was  written,  the 
Jinalogies  between  light  and  h«at  hav<j  been  fiirther  ex- 
tended. It  has  been  discovered  by  MM.  Biot  and  Mellon! 
that  quartz  impresses  a  circular  polarization  upon  h^it; 
and  by  Prof,  Forbea  that  mica,  of  a  oertain  thickneee, 
f»olarizes  heat  circularly ;  and  further,  a  rhomb  of  rock- 
salt,  of  tho  shape  of  the  glass  rlionib  which  verified  Frm- 
nel'a  extraordinary  anticipation  of  the  polarization  of  light, 
verified  the  cxpectatio-n,  founded  upon  other  analogies,  of 
the  polarization  of  heat.  Bj  passing  polarized  light  (hrough 
various  thicknesees  of  mica,  Prof.  Forbes  has  attempted  to 
calculate  the  length  of  ail  unduUtlon  for  light. 

These  analogies  cannot  fail  to  prodacc  a  strong  dis- 
position to  believe  that  light  and  heat,  so  clo«ely  eonnueted 
that  they  can  hardly  be  separated,  and  thus  shown  to  have 
BO  many  curious  properties  in  common,  are  propagatefl  by 
the  same  machinery ;  and  thus  we  are  led  to  an  CJnduIn- 
tory  Theory  of  Heat. 

Yet  such  a  Theory  has  not  yet  by  any  moans  received 
fill!  oontirmation.  It  depends  u^wn  the  analogy  and  tlip 
connexion  of  the  Theory  of  Light,  and  woidd  have  little 
weight  if  those  were  removed.  For  the  separation  of  the 
rays  in  double  refraction,  and  tlie  phenomena  of  periodical 
intensity,  the  two  classes  of  facte  out  of  which  the  Undu- 
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latory  Theory  of  Optics  principaily  grew,  have  neither  of 
them  been  detected  in  thermotical  experiments.  Prof. 
Forbes  has  assumed  alternations  of  heat  for  increasing 
thicknesses  of  mica,  but  in  his  experiments  we  6nd  only  one 
maximum.  The  occurrence  of  alternate  maxima  and 
minima  under  the  like  circumstances  would  exhibit  visible 
waves  of  heat,  as  the  fringes  of  shadows  do  of  light,  and 
would  thus  add  much  to  the  evidence  of  the  theory. 

Even  if  I  conceived  the  Undulatory  Theory  of  Heat 
to  be  now  established,  I  should  not  venture,  as  yet,  to 
describe  its  establishment  as  an  event  in  the  history  of  the 
Inductive  Sciencee.  It  is  only  at  an  interval  of  time  after 
such  events  have  taken  place  that  their  history  and  cha- 
racter can  be  fully  understood,  so  as  to  suggest  lessons  in 
the  Philosophy  of  Science. 


END  OF  THE  SECOND  VOLUME. 


